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PREFACE 


DURING the past ten years, freeze-drying has increased more 
than one hundredfold in industrial use and more than that in 
research and other laboratory uses. As one result there have been 
over 300 scientific and engineering publications during this time. 
The purpose of this book is to bring together all of this technical 
knowledge as well as much heretofore unwritten “know-how.” 

The book is directed to those conducting freeze-drying in re- 
search and other laboratory and industrial work in microbiologi- 
cal, serological, immunological, histological, chemical, pharma- 
ceutical, engineering and related fields. It is hoped that this 
presentation may in some measure serve as a stimulus to further 
research on freeze-drying per se as well as to suggest new uses 
and applications. This includes the human and veterinary medical 
fields and such industrial applications as food. The task has not 
been easy because of the \'aried interests of workers in the field, 
these being found in medical schools, departments of public 
health, hospitals, engineering schools and industry. Basic princi- 
ples, procedures and applications have received most attention. 
Laboratory and industrial equipment have been described in gen- 
eral with detail limited to representative types, many modifica- 
tions of the several basic types having been described in scientific 
literature but frequentlv differing in minor detail only. 

There is of necessitv some repetition in order to avoid extensive 
cro.ss referring by readers interested solely in one aspect of the 
subject, c. g., food field, engineering or laboratory research. Prob- 
ably few will read the book from cover to cover. 

To all workers in the field and particularly to former colleagues 
and co-workers, and to my present associates, 1 am indebted. It 
has not been possible to recall the origin of all material but I have 
tried to give due credit in the text, and in the bibliographies, to 
everyone concerned. A supplemental bibliography at the end of 
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tlic book lists the works which are not shown in chapter bibliogra- 
phies nor specifically ineiitioned in the text. Titles of the biblio- 
graphical references ha\e been given to provide brief indication 
of the subject-matter. 

Particular gratitude is due to my wife, who, as a bacteriologist, 
made many helpful suggestions, especially in the years when the 
work was in its infancy, and finally for her help in the preparation 
of the manuscript for this book. Acknowledgment is made of the 
suggestion of Professor W. B, Meldrum, of fhu^erford College, 
that f undertake the writing of this book. Appreciation is due Pro- 
fessor T. K, Sherwood, of Massachusetts Institute of Technology, 
for supplying me with the results of liis studies with penicillin. My 
thanks are due to many who ha\ e been directly or indirectly re- 
sponsible for photographs, whose source is indi\iduaily acknowl- 
edged, and particiilaiiv to Dr. U. 1. N. (h'eaves, of the British 
Medical Research Council, and to Dr. Ralph W. G. WyckofF, of 
our National Institute of Health. Extreme gratitude is due to Mr, 
Francis [. Stokes who early ga\ e his unselfish aid and encourage- 
ment ill the dex'elopment of freeze-drviiig, first as a tool for med- 
ical research and finally as a means for full-scale industrial proc- 
essing of some of our life-sa\ing inedicinaLs’, 


E. W, Elo-suokf 


Forest Grove, PennsiiJvania 
January S, 1949 
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CHAPTER 1: INTRODUCTION 


FOR the past few years the drying of products while in the 
frozen state has been termed “drying by sublimation.” The com- 
mon laboratory expression “freeze-drying” well describes the proc- 
ess. Although it is now widely used in commercial operation, a lit- 
tle over ten yeais ago it was scarcely more than a laboratory 
curiosity. Since then it has been carried from what was not even 
a good laboratory stage of development to a point at which it could 
be used industrially on a large scale, During the war industrial ap- 
plications expanded widely in the drug and pharmaceutical fields, 
and the method is now being tried commercially with foods. 

The desiccation of blood plasma from the frozen state as part 
of the program of tlie American Red Cross for the armed forces of 
the United States provided the first spectacular and extensive use 
of freeze-drying. When the problem of stabilizing penicillin solu- 
tion arose during 1942 and 1943, little attention was paid to it be- 
cause it was thought that as a result of experience with blood 
plasma drying by sublimation had been shown to be fully work- 
able in large-scale operation. The lack of attention in some measure 
was a mistake; problems of handling penicillin were of a different 
and of a somewhat more difficult nature than in the case of blood 
plasma, because of the large number of small-volume containers to 
be charged into the dryers without melting of the penicillin. The 
situation did serve to demonstrate the position which the process 
had reached in the industrial production of pharmaceuticals. Blood 
plasma equipimnit was readily adapted to the freeze-drying of 
penicillin. 

Before drying by sublimation the product is frozen; the ice is 
1 
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then siibh'inod rapidlv under high \'acimm. With many materials 
the solids contained originally are left in shape and the over-all 
volume corresponds closely to that of the original frozen product. 
Blood plasma is typical of such products, showing little over-all 
reduction in \olume after drying from the frozen state. The ad- 
\autages of diving while frozen will be set forth in detail in the 
next chapter. At this point, it suffices to point out two of the major 
ad\'antages; (1) the properties of labile substances are unchanged 
during drying, with consecpient prolonged preservation of desired 
characteristics during the storage period which follows; (2) the 
.soluhilitv^ of products dried in this wav is remar kahlv fast and com- 
plete. As a result the life of commercial labile products can be 
greatly extended. 

As has b('cn pointed ont,^ low-temperatnre evaporation of water 
[iiider \'aciuim to produce fret^zing, followed hv sublimation of the 
ice is old— so old, in fact, that William ffvde Wollaston was apolo- 
getic ill exhibiting it helore the Roval Society of London in 1813. 
Wollaston's di'monstration, ne\ ('rtheless, i.s of more than historical 
interest because of the simplicity and clarity with which it demon- 
states the relation of \'ap()i‘ piessurc to temperature and the cooling 
effect of eva[)()ratioii. 

‘That fluid,- from wliieh a portion is evaporated, beconie.s colder 
in coiise([iieiK'e of the heat absorbed liv that pari wliieh assumes the 
ga.seou.s .state; that fluids rise in the state of vapour at a lower tempera- 
ature wfieii the pressuie of the atmosphere is removed, and conse- 
(jiientlv mav he cooled to a lower degree hv evaporation in vijcuo than 
in the open air, are laets too well known to need eonfinnation before the 
Members of this Society hv any new experiments, 

“Nevertheless, a ne\^' mode of applying the most e.stablished princi- 
ples mav deserve to he recorded, if it assist the illustration of them, and 
be instructive from the novelty of the view in whicii it exhibits a certain 
class [>f phenomena; altliough no immediate use i)e at present proposed, 
to which it can be applied witli advantage, 

“If an attempt were made to freeze water by CA'aporation, without 
other means than the vacuum of an air-pump, the pump must he of the 
be,st construction, and though the quantity of water he small, the re- 
ceiver must be of large dinieiisions, ollierwi.si! its capacity would set too 
confined a limit to the quantity of vapour that will rise, and consequently 
to the degree of cold produced. . . . 
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“As a means of avoiding flje necessity of so large a vacuum, Mr. 
Le-slie had recourse to the ingenious expedient of employing an exten- 
sive surface of sulphuric acid, for the purpose of absorbing the vapour 
generated in the course of the experiment, and by that means contrived 
to freeze much larger quantities of water, than could otherwise have 
been done, and by a far less laborious process. 

“But even in this method the labour is not inconsiderable, and the 
apparatus, though admirably adapted to the purpose tor which it is 
designed, is large and costly. 1 have therefore thought the little instru- 
ment I am about to describe may possess some interest, as affording a 
readier and more simple mode of exhibiting so amusing and instructive 
an experiment. 

Let a glass tube be taken, having its internal diameter about is of 
an inch, with a ball at each extremity of about one inch diameter; and 
let the tube be bent to a right angle at the distance of half an inch from 
eacli ball. One of these balls should contain a little water (if the ball be 
more than half full, it will be liable to burst by the expansion of water 
in freezing) and the remaining cavitv should he as perfect a vacuum as 
can readily he obtained. . . . 

When an instrument of tliis descriptii/ii has been successfully ex- 
hausted, if the ball that is empty be immersed in a freezing mixture of 
salt and snow, the water in the other ball, though at the distance of two 
or three feet, will be frozen solid in the course of a very few minutes. 
The vapour contained in the empty ball is condensed bv the common 
operation of cold, and tlie vaemim produced bv this condensation gives 
opportunity for a fiesh quautitv to arise frf)m the opposite ball, with pro- 
portional reduction of its temperature. . . . 

“The instrument, bv which this is effected, mav aptlv be called a 
Cryophonis. which correcth' exprcs.ses its office of frost-l)earer." 

Tho “ingenious expedienr of Professor John Leslie'"^ consisted 
()l a chamber containing sulfuric acid in a broad flat pan and a 
vessel containing water. On exhaustion of the chamber by an air- 
pump the water froze through loss of latent heat of xaporization; 
the ice gradually “wasted away” by sublimation of water-vapor to 
the sulfuric acid. Ixslic later successfully substituted porphyritic 
trap rock or even parched oatmeal for sulfuric acid as desiccant; in 
view of later developments it is interesting that he tried anhydrous 
sulfate of lime without success. 

It does not seem to hax^c occurred to either Wollaston or Leslie 
to use sublimation for drying. It would be difficult if not impos- 
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siblc to trace definite connection between their experiments and 
developments of the present century in biological preservation. 
Nevertheless the phenomena they so ingeniously and amusingly ex- 
hibited unquestionably became part of the general lore of physical 
science. 

The first clearly recorded use of sublimation for preserving is 
that of Shacked ’ in 1909, who applied it to biological substances. 

Striimia, McGraw, and Reichcl'’ credit d’Arsonval and Bordas' 
and \yiiisteenberghe'' ^^'^th the principles of drying bv sublimation. 
While the apparatus of d’ Arson val and Bordas was built on the 
cryophorus principle and that of \ymstecnberghe resembled the 
Leslie prototvpc, neither publication mentions that the material 
undergoing desiccation was obscr\’cd to ha\’e been frozen, al- 
though the equipment thev used might have lent itself, with bet- 
ter pumping equipment and other modifications, to drying bv 
sublimation. The stated purpose of d’Arsonval and Bordas was to 
cany out ordinarv distillation of liquids at a Iowct temperature 
(about TlSX) than that then current] v or previously luscd. 

The stability of serum in dried form, although not dried from 
the frozen state, was recognized bv Ehrlich in the last century. Ap- 
paratus for desiccation of serum from tlie ]i(|uid state wa.s de- 
scribed as early as 1896 by C. Martin.” Serum was filtered through 
a Chambferland candle and recei\'cd in bottles kept in a water bath 
at 40 T. These bottles were connected with a condensing bottle 
packed in ice, to which was connected a water pump. Water vapor 
distilling over from the serum bottles was collected in the con- 
denser. 

M. J, Rosenau,^'^ as Director of the Hvgienic Laboratory in 
Washington, undertook the establishment of an antitoxin standard 
for American Laboratories. He dried and ground antitoxin and 
preserved it in evacuated, sealed “Ehrlich tubes” with phosphorus 
pentoxide as a desiccant. The preparation of dried antisera or 
complement by modifications of MartiiTs method or other simple 
methods had been described also by Noguchi “ Friedberger,’" 
Massol and Grysez/^ Massol and Nowaezynski,'* Predtetschen- 
sky,'" and Grigorowitsch.^'^ 

Burrows and Cohn^^ described a modification of Martins 
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method capable of drying sera in fairly large amounts. A dropping 
funnel was introduced into a flask in a water bath at 45 to 50°C. 
A .side tube of the flask was connected with a condenser in iced 
water, which wa.s in turn attached to a calcium chloride tower, a 
manometer and a vacuum pump, with which the whole apparatus 
was evacuated. Dried complement and antisera were further 
studied by Hartley, Eagleton and Okell,'* by Tullock'” and by 
Hartley.'" 

Shackell described a procedure by which biologicals might be 
dried, presumably while frozen. In SbackelFs process the material 
was first thoroughly frozen in a salt-ice mixture. The frozen mate- 
rial was then dried i/i vacuo in a desiccator with sulfuric acid as 
desiccant. Complement, antisera, rabies virus, meat and blood 
were pre.served by this method. Harris and Shackell'^ in 1911 re- 
ported the preservation of rabic brains by the method of Shackell. 
Hammer" the same year reported the preservation of bacteria by 
this method. 

SwifP in 1921 described a technique of drying bacteria from 
the frozen state which became standard for some vears in many 
laboratories for preserving bacterial strains with unaltered biologi- 
cal characteristics. An apparatus was developed bv Sawver"^ and 
bis associates with which serum infected with yellow fever virus 
had been preserved so as to retain its infectivity over a period of 
years. Craigie' ' prepared complement dried from the frozen state. 

W. J. Elser of Cornell carried on extensive work for some years 
with a variety of products of a biological nature. This work has 
been described by Kiser, Thomas and Steffen. Low-temperature 
condensation was used for removal of the water vapor. In none of 
this early work, including that of Shackell and Swift, was any 
means used for rapid application of heat to the frozen product 
without melting it while bringing it to a final temperature well 
above 0"C. in other words, there was no means of forcing rapid 
and complete drying to a suitable low final moisture content. In 
later chapters we shall discuss the implications of subsequent im- 
provements which have resulted in better products through the 
development of modern methods of commercial freeze-drying. 

Certain important steps in advance were taken by Reichel, 
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Masucci. McAIpilie and Boyer,’’ A practical procedure was devel- 
oped for the rapid freezing and rapid dehydration of serum in bulk 
under \-aciium. The serum was frozen at “78'’C in a shell in very 
large ‘Tvrex” glass or metal bulbs, which were connected to a large 
spherical condenser at a distance from the containers. This con- 
denser was immersed in a refrigerant bath of solid carbon dioxide 
{ Drv Ice ) in acetone. The serum was kept in the frozen .state solely 
bv the rapid sublimation in vacuo of water vapor from its surface. 
The outer surfaces of the bulbs were surrounded by the air of the 
room at ordinary or ele^’ated temperature during the entire dehy- 
dration process for rapid heating and di ving of the frozen mate- 
rial.’^ The final dried product was then raised to a temperature 
well above 0''C and often to 70' ’C or higlier, in order to reduce the 
final moisture content rapidly to a minimum. This apparatus was 
in use for some time for the bulk preser\ation of serum and other 
biologicals in commercial amounts, 

The product resulting when serum is rapidly frozen and rapidly 
dehydrated from the frozen state under high ^'aclulm is a porous 
solid occupying essentially the same \ oIume as the li(piid serum 
from which it was prepared. Its content of antibodies and comple- 
ment suffers no detectable loss in processing, and the rate of sub- 
sequent deterioration is reduced to a small fraction of that occur- 
ring in the liquid state. The porous product, on addition of distilled 
water, redissolves with remarkable case and compIetcne.ss. The 
term “lyophile” ha.s been applied bv Heicbel”" to .scrum so de- 
hydrated. In this usage the ordinary colloid-chemical term lyo- 
phile (solvent-loving) is given a somewhat special connotation. 
The word is convenient, however, and serves to emphasize a note- 
worthy characteristic of the product so prepared, namely its re- 
markable solubility, which is a result both of the unaltered lyophilic 
properties of the serum proteins and of the phy.sical .structure of the 
porous solid. 

In 1933 in the author’s laboratory (Fig. 1.1) at the University 
of Pennsylvania (School of Medicine), the first products for actual 
clinical use were freeze-dried,"'' These were human convalescent 
and normal human serum and plasma. According to plans laid by 
Drs. Joseph Stokes, Jr. and Stuart Mudd for a “library” of human 
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sera, the blood was collected at the Childrens Hospital by Dr. 
Aims C. McGuinness, and prepared and tested at the University 
of Pennsylvania by Dr. Harry Eagle for freeze-drying by the au- 
thor. The dry products were used and distributed by the Phila- 
delphia Serum Exchange organized at the time for the purpose, 
and now a going institution under the direction of Dr. McGuin- 
ness. It was not long before distribution was nation-wide. 

This was the first use of freeze-dried human products and it 
undoubtedly accounts for their subsequent ready acceptance in 
the Red Cross program for human plasma for our armed forces in 
World War II. Hence it was freeze-drying which finally brought 
about the realization of an unheeded plea made by Captain Gor- 
don R. Ward, R.A.M.C., for the use of blood plasma in place of 
whole blood in the treatment of shock and hemorrhage.'^" The plea 
was made in a letter addressed to the Editor of the British Medical 
Journal of March 3, 1918. Only a product as stable bacteriologi- 
cally, immunologically and biochemically as that produced by 
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freeze-drying could meet the military requirements of a global 
war, conditions varying from those of the hot, moist tropics to 
those of the cold arctic. 

Desiccation from the frozen state finally became generally 
available on a piactical basis in 1934 for laboratory research, for 
hospital pioduction of human serum and other substances for par- 
enteral ase, for guinea-pig complement and other laboratory re- 
agents, and for commercial production. This represented the cul- 
mination of prior work and of certain further major developments.-’' 
These new contributions included the establishment of proper sur- 
face relationships of frozen products for fast and complete drying 
without melting wliile exposed to heat from the atmosphere, as 
well as equipment foi aseptic production of medical products in 
final market containers. The equipment consisted of a carbon di- 
oxide condenser and a manifold for the containers with connectors 
arranged to maintain sterility. Later, other advances were made in 
equipment and maimer of processing. Thus, it has been recognized 
only within the last 10 or 15 years that by establishing proper con- 
ditions of vacuum for removal of water vapor, and by rapidly ap- 
plying heat to the frozen product (rather than keeping it in an ice- 
box), the process can be made industrially workable and will yield 
excellent products. 

The firm of Sharp & Dohme, Inc. very early recognized the 
advantages that freeze-drying could hold for industry; they in- 
stalled the first market-container units'’' in 1935, when the firm took 
over processing human serum for the Philadelphia Serum Ex- 
change for clinical distribution. Other products appeared on the 
market in 1935, and freeze-dried blood plasma in 1940. Sharp & 
Dohme's early pioneering efforts and full-scale experience made 
it possible for the U. S. military forces to begin accumulating 
supplies of freeze-dried human blood plasma for transfusion in 
1941, nearly six months before our actual entry into World War 
II. The decision to proceeed with the vast plasma program was 
crystallized after Dr. Alexis Carrell addressed the annual meeting 
of the American Human Serum Association in New York City in 
June, 1940. Just returned from France, he described graphically 
the utter collapse of the system of French blood banks upon 
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tlie cuhance of the German army just before the fall of France. 

The contrast under such emergency conditions, with dried hu- 
man plasma a\'ailable, was set forth by Dr. 1. S. Ravdin in a bro- 
chure published by the Southeastern Pennsylvania Chapter of the 
American Red Cross on February 9, 1942 entitled, ‘‘A Philadelphia 
Doctor’s Storv of Pearl Harbor/’ Dr. Ravdin said of liquid plasma 
tliat it "sa\'ed the li\’es of mure men than it will ever be possible 
for ^ou or me to tell." Ra^ din went on to state, “Now, a second 
type of plasma which was awiilable, and which has been made 
available to the armed forces and ci\’ilian aid, almost entirely 
through the efforts of the Red Cross, is the dry plasma. That is 
the same material which \^ou h:u'(‘ just seen, hut it is dried by a 
method \vhich was originally de\’eloped at the Uni\d‘sity of Penn- 
sx'bania, in the Department of Bacteriology, by Doctors Flosdorf 
and Mudd. This has certain ad\antages, in that the material can 
be transported over long distances aird at extremes of temperature 
and, merely bv adding sterile water, can Ijc regenerated and given 
intraxenoushx” Ravdin further quoted Mr. Alfred Castle, who was 
Chairman of the American Red Cross in Honolulu at the time of 
the raid, as follows: "Wv ha\e got a problem here. We are now 
collecting large amounts of plasma. ^Ve can’t store all of thi.s wet 
plasma. We must have some mechanism for drying it. Do you 
know where such apparatus is to be obtained?” Ra\din said, "1 
told him such apparatus was made in Philadelphia and he wanted 
to know how much it would cost. I told him perhaps a minimum 
of $12,000. He said. ‘Well, you just ask the Red Cross when von 
get back in Washington, whether they would be willing to foot the 
bill. If the Red Cross woi/t pay the bill, send tlic apparatus, and 
have it charged to me. I’ll foot the bill.’” Thus we have the first 
graphic account of how well frecze-di ied plasma could meet such 
an unexpected emergency sitmition as was experienced at Pearl 
Harbor and the appraisal made of the situation by those present 
at tlie scene. 

As indicated above, Sharp and Dohme was in commercial pro- 
duction of human blood plasma and so was ready in 1941 for the 
Red Cross part of the program. They processed and dried the 
plasma prepared from blood collected by tlie American Red Cross 
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for the Army and Navy. This program later was extended to cen- 
ters throughout the country, processing and drying being carried 
out at the laboratories of Ben Venue, Cutter, Eli Lilly, Hyland, 
Lederle, Parkc-Davis and Boichcl (now Wyeth). Peak production 
for the entire country ultimately reached around 100,000 units per 
week. With the assistance and co-operation of Sharp and Dohme, 
Inc., F. J. Stokes Machine Company, the University of Pennsyl- 
vania, the Philadelphia Serum Exchange of the Children s Hos- 
pital, and the author, ireeze-dryiag of human serum for transfu- 
sion prepared from blood collected by the Canadian Bed Cross 
was started in 1940. This was done at the Connaught Laboratories 
of Toronto under direction of Drs. C. H. Best and D. Y. Solaudt,*'’^ 
Production there soon reached about 2,000 units a week and ulti- 
mately was expanded .several -fold. Full pilot production began at 
Cambridge, England, in 1940, ■'* with a full-scale production plant 
for 2500 units a week beginning operation in 1943.‘^" It was at this 
time that commercial production of penicillin was ready to get 
under way, and it was fortunate that the blood plasma program 
had so ainply demonstrated the successful stage attained by the 
large-scale freeze-drying process. 

Later methods include the succ{'ssful use of regenerable chem- 
ical desiccants'^-' and the dii'ect csacuatioiP^ of water vapor without 
freezing-condenser or desiccants. Apparatirs for drying by subli- 
mation has also been described more recently by Greaves and 
Adair,'''’-'' Hill and Pfeiffer,"' Strumia, McGraw and Reichei;* Fol- 
.som.-" and Wvekoff and Lagsdin.'' Tlie various methods of drying 
from the frozen state and the types of equipment described later 
by many other workers v^ill he discussed in subsequent chapters. 

One indication of the recent rapid development of freeze- 
drying is the iinmber of scientific articles in the field before and 
after 1930. Of the references located which deal with freeze-drying 
and its applications, fewer than 10 are before and over 350 are after 
1930. No patents were i.ssued before 1934. 
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CHAPTER 2: BASIC PRINCIPLES 


Obtkctives ix Drying by Sublimation 

DRYING products from the frozen state is advantageous lor nu- 
merous reasons. For anv gi\ en product one or more possible ob- 
jecti\ps mav be realized. Following is a summarv of these objec- 
tives. 

I, Low temjjcraturc. In inain^ cases tlie su l>freezing tem- 
perature is required to a^'Oid eliemieal change in labile components 
during drying. This applies to blood plasma and serum, to most 
\iruses\ to many bacteria and other forms of micro-organisms and 
to various other biologicals and pharmaceuticals. 

For example, complement, a component of blood, is rapidly 
inacthated when stored e\en at temperatures around about 5 Ci, 
Guinea-pig serum is widely used as a laboratory reagent because 
of its high content of complement, as in the \ Vasserman reaction 
in testing for syphilis. Certain modifications of the test are par- 
ticularly sensitiye to complement potency, and in these the guinea- 
pig serum cannot be used if it is more than a few hours old. In 
most tests, the serum cannot be used after overnight storage under 
ordinary refrigeration, Drying by sublimatitai is the only way in 
which this particular component can be prepared in a dry, stable 
form. After completely drying in this way to a minimal moisture 
content, the product is stable for as long as two years at room tem- 
perature and for fiye years if stored at about 5'’C, 

Similarly, viruses arc generally very delicate, in some instances 
even more so than guinea-pig complement. Freeze-drying of the 
product affords the only satisfactory means of stabilizing labile 
14 
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viral vaccines. Except for frozen storage, it is als{) the only satis- 
factory means of holding live viruses while carrying out research 
studies. Similarly, certain bacteria and other extracts may he han- 
dled successfully, although of course there are many types of bac- 
teria which can readily withstand higher temperature treatment. 

As applied to many commercial preparations of labile medici- 
nals, the out-dating time is greatly extended. This lowers cost and 
also enables products to be taken to out-of-the-way places other- 
wise beyond reach, Freeze-drying also permits low-temperature 
concentration of products without continuing to complete dryness. 

2. Low volatiliiij. Because of tlie low temperature, the loss 
of volatile constituents is small. Although tlie process takes place 
in vacuum and there is some loss of volatile components into the 
vacuum system, this usuallv is minimal. The decrease in vapor 
pressure with lower temperature is greater with many substances 
than with water. Toward the end of drying, wlien the products 
reach a higher temperature, virtually all the moisture has been 
removed, so tliat there is little or no vapor distillation of vola- 
tiles. For example, the powder remaining after freeze-drying fresh 
orange juice has little or no odor. Upon opening a sealed can of the 
dried juice and smelling it, one is disappointed to find no odor 
comparable with that of fresh juice, However, upon reconstitution 
with water and aeration by shaking, an excellent aroma develops. 
The reconstituted mixtun^ then obtained is like fresh juice. This is 
particularly important in application to many other foods, espe- 
cially pineapple juice, grape juice, etc. 

3. No foaming. Because a product may be frozen solid, 
there is no bubbling or foaming, unless it is dried well above the 
temperature at which there is eutectic separation. Changes due to 
surface action arc thus avoided in dryiiig certain substances. This 
is particularlv true of protein material. One of the best examples 
is the successful drying of blood plasma without loss in potency of 
any of its coirs tituents. 

4. Permanent dispersion. In most eases, the solute remains 
evenly dispersed without undergoing concentration as the liozen 
solvent sublimes. As a result, the remaining dry residue emerges as 
a highly porous framework, occupying essentially the same overall 
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products. Gelatin win eh must be dissoKed Hrst 1)V ])oiling wat(‘r 
niav be cliaiiged to a porous s(;lid bv drying the Jj(jujd froju tije 
frozen state. Tiie resulting solid is then instantly soluble in cold 
water. There arc otlier products, sucli as preparations of vitamin B 
complex, which go into solution only vvitli some difficulty. The so- 
lution mav then be dried by sublimation, whereupon the pharma- 
ceutical manufacturer is able to oOer an instantly soluble product 
to the ph\'sician, which is also highly stable. 

On the other hand, not all products ha\'e such excellent solu- 
bilitv after drying by sublimation. One of the best examples is 
serum globulin. In the case of concentrated globulin antitoxins, 
the rate of solubility may be slow, re(piiiing many minutes ioi- 
restoration. Nevertheless, in certain cases it may be advantageous 
to dry even these biologicals if distribution under hot tropical and 
desert conditions is necessary. This is particularly true in the cast' 
of antivenom preparations, where the product mav be subjected 
to the hot desert sun or the tropical heat of India for long periods. 
The added time for dissolving is not serious in this case, and the 
alternative would be no product at all. 

5. Minimal coagulation. Since the molecules of solute and 
colloidally dispersed particles are virtually “locked” in position as 
solvent evaporates, the tendency for coagulation of even lyophobic 
sols is minimal. This is particularly advantageous with blood 
plasma from donors who have not been on complete fast suffi- 
ciently long. In the case of liquid plasma stored for a period of 
time or processed in any other way, those lipoids rise to the surface 
as a separate liquid phase. In the case of dried blood plasma, how- 
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ever, even though the Jipoidal constituents do not reconstitute per- 
fectly after drying and produce a slight degree of turbidity, there 
is far from complete coalescence. The particles are small enough 
to be safe for intravenous injection and do not cause capillary em- 
bolism. Bentonite clays and other colloidal products may be dried 
with excellent results. 

6. No case-hardening. In drying from the frozen state, 
there is no continual mixing of solution or any other movement 
of solvent. The surface of the evaporating frozen ice layer grad- 
ually recodes and leaves more and more of the highly porous resi- 
due of dry solute exposed. As a result, 'case-hardening” never oc- 
curs. This is one reason whv a far lower content of moisture may 
he obtained in the final product without use of excessively high 
final temperature. Because of lower moisture content, a greater de- 
gree of stability is imparted to labile products than by any other 
method of drying. 

7. Sterihfy. Bacterial growth and enzymatic changes can- 
not take place under the frozen conditions of drying. This is im- 
portant for foods as well as for medical products used parenterally. 
Likewise, the final fully dried product resists bacterial growth and 
enzymatic action. In the case of some products, e.g., streptomycin, 
this is an important reason for drying. It is exceedingly difficult in 
commercial production to be certain of complete sterility in every 
.step. Streptomvein, for example, cannot be readily .sterilized be- 
fore packing in market containers, as is done with many biological 
products like antitoxin which may be sterilized by filtration. 

In .such a material, it might well be that only a few oiganisms 
would exist in an entire batch and only a few of the final containers 
would become contaminated. These, upon random selection f(3r 
testing, might be missed. Distributed as a liquid, there would be 
opportunity for these organisms to multiply. During storage, these 
few containers would become grossly contaminated. With a dry 
product, however, there is no opportunity for multiplication of or- 
ganisms until the product is restored for use, Since it then is used 
immediatclv (and directions should always provide for thi.s), there 
can be no harm to the recipient from the few organisms which may 
be pre.sent in occa.sional containers. 
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S. Oxuhilioo. Bt'caiisc of (In' lii'nli \aciiiini used, iu i.,,; 
trust with that used in ordinaiy love-fcniptnutiirc* lujuid (wapon; 
to), there is ii),suffk'i(’/]t for r\ cn tlir /n(;st rr;nl/]y o.vidjz. 

uhU‘ c-ozisOnieiits to 1 h‘ alU'ctinl. Tlu‘ ascorbic acid contiuit of 
jUlLT dried b\‘ sul)liniati()n is not detcctahk' lowiml The 
Upoidid constituents of meat are not afft'cted, and no raneiditv de- 
velops in drying raw meat. This is equally important with many 
medical products. Blood plasma, in which the lipoids are unaf- 
fected during sublimation, is an example. With proper packaging, 
under either \'aciium or inert gas such as nitrogen, many of these 
products may be kept satisfactorily for years without refrigeration. 

It is for these reasons that this method, wliich only 15 years 
ago was bi'onght from a laboratory curiosity into a workable pro- 
cedure as discussed in Chapter I, has become a commonly used 
process for drying in the biological and pharmaceutical industry. 

Energy Relations 

It has sometimes been erroneously considered that because 
drying by sublimation is carried out under high yacuum, less beat 
is rec|uired. Actually, the latent heat of sublimation of ice is greater 
than the latent heat of e^ aporation of water. Thermodynamically, 
the energy required to sublime a gram of ice at any gi\^cn tempera- 
ture to produce vapor, for example, at room temperature, is equiv- 
alent to the heat of fusion of ice and the heat of vaporization of 
water at room temperature plus the heat necessary to raise the 
temperature of ice to the freezing point and water to room tem- 
peraturt?. This quantity of heat is naturally related, whether th(' 
process is carried out slowly at atmospheric prc.ssure or rapidly 
under vacuum. 

Table 1 gives at five temperatiire.s the latent heat of sublima- 
tion of ice to produce vapor at the same temperature. These tem- 
peratures are those commonly u.sed for a yarietv of product.s. As 
will be discussed in a later section, the actual requirements for the 
temperature of a product during drying by sublimation vary with 
different products. Naturally, the higher the temperature which 
can be used the more readily drying can be carried out and the 



BASIC PRINCIPLES • J9 


TABLE 1 


VARIATION IN LATENT HEAT OF SUBLIMATION 
WITH TEMPERATURE * 


Temp., °C 

Joules /gram 

BTU/lh 


2833 

1220 


2807 

1210 

-20^ 

2786 

1200 


2771 

1192 

-40“ 

2758 

1186 


* Data compiled by Dr, T. B. Hctzcl of Ha\'erford College. Refers to ice 
and vapor at same tempi'rature. Values accurate to ±1,4%, varying with 
type of ice involved. 

lower the cost. As for the actual energy relationships concerned, it 
is necessary to consider the heat required to carry the vapor up to 
full room temperature, inasmuch as the vapor lines are usually ex- 
po.secl to room-temperature air. However, as a practical matter, the 
amount of heat required to raise the temperature of the vapor is 
not significant, most of it being obtained readily from the room 
as the vapor passes through the vapor lines. If the.se are not ex- 
posed, and if the \^apor is condensed back to ice, this additional 
heat is not required. The refrigeration load required for condensa- 
tion is reduced accordingly. Similarly, if the cold \'apors are re- 
moved by combination with a desiccant, there is less heat to cause 
excessive rise in temperature of the desiccant. 

Basically, the amount of latent heat required in drying by 
sublimation is not a significant factor in comparing the cost of 
drying from the frozen state with the cost of drying by other 
means. As will be discussed later, the significant factors in such 
a comparison are the higher cost of handling a solid as compared 
with a liquid and of carrying out the process in equipment which 
must be designed for high vacuum. Also, a major factor is that the 
vapor (wolved in drying must be remo\'cd by condensation, or 
otherwise, at very low pressure. For example, in condensation of 
the water vapor the temperature of the condensing medium is be- 
low that of the frozen product being dried. This is more costly not 
because of the greater amount of heat to be extracted from the 
vapor, but because of the low refrigeration temperatures at which 
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eliis heat must he extracted and at which compressr)rs produce* 
lower tonnage. 

W'licn the \ apors are removed by ce)inhination with a d(‘siccant 
an exothennic reaction is involved, Usually a n'gt'iKTahh; desiccant 
and the vapor pressure of the desiccant increase rapidly with in- 
crease in temperature. Since these desiccants themselves are in- 
variably poor conductors of heat and since they are combining 
with water vapor under vacuum conditions, the Ireat produced is 
taken away slowly. The resultant rise in temperature of the desic- 
cant results in lowered efficiency as the v^apor pressure increases. 

In types of equipment in which the vapors are pumped directly 
without being condensed at freezing temperature and without en- 
tering into combination with desiccant, they are compressed di- 
rectly to the liquid state. In the case of direct pumping by a steam 
ejector, condensation occurs in the first interstage barometric con- 
denser. In the case of direct pumping mechanically the heat of 
condensation is removed by the cooling water of the pump. 


Initial Freezing of Products 

In manv cases rapid freezing is required. A few years ago it 
was believ ed that to accomplish rapid freezing it was necessary to 
use extremely low tempei atures such as are produced by Dry Ice. 
This is erroneous, however, because the speed of freezing is con- 
trolled by the rapidity of heat transfer. Using temperatures as low 
as -78^C, c.g.. Dry Ice, is of course a factor in rapid transfer of 
heat, but it is possible to design equipment for accomplishing 
rapid freezing at more economical temperature levels. Description 
of the various available means for carrying out freezing will be dis- 
cussed in Chapter 5. 

Vacuum evaporation may be relied upon for freezing certain 
products where there is little frothing and bubbling. Bubbling 
may be controlled somewhat by slowly dega.ssing the solution un- 
der partial vacuum, after which a higher vacuum is drawn to in- 
duce freezing. 

Medical products dispensed in small containers frequently are 
frozen directly within vacuum chambers by lowering the tempera- 
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tore of the chambers. This is one accepted procedure for vitamins, 
in the preparation of which the chambers are arranged for chilling 
to — 40°C, as well as for control at any temperature from that up 
to the final drying temperature of +60° C or higher. Jn smah-scaJe 
operation, containers frerjuently are arranged on jnanifolds so that 
Dry Ice may be used for convenience in freezing. With medical 
products convenience is frequently a more important factor than 
cost, and Dry Ice is used for this reason as well as for rapid freez- 
ing. 

in the case of medical products dried in larger quantities per 
single container {e.g., blood plasma), it is necessary to “shell 
freeze” by rotating the containers in a low-temperature bath. In 
thi.s way, by freezing around the inner periphery of the bottle, the 
depth of the layer is reduced and the time for drying shortened. 

In drying industrial products such as foods in bulk, self-freez- 
ing frequently may be used, especially with solid products like 
meat. Sometimes self-freezing under vacuum is more economical 
because of simplification of equipment. On the other hand, as will 
be discussed in connection with various individual products, it 
sometimes is necessary to pre-freeze es'eii solids before evacuation 
in order to get proper quality. 


Removal of Water Vapor under High Vacuum 

Three general methods may be used to maintain low water 
vapor pressure in the vacuum system: (1) condensation at low 
temperature,’ ■ (2) combination with desiccating substances, and 
(3) direct pumping.'^’ All three methods are used industrially, but 
the one best suited to a gi\ en application depends on a number of 
factors. 

1, Condensation at Joiv temperature. Such condensation is 
carried out with condensers chilled either with Dry lee or meehaiv 
ically with refrigerants like “Freon” and ammonia. Originally, Dry 
Ice was the most widely used refrigerant. However, because of 
cost it is now used only with products which have a high value, 
like meclicinals, The low temperature of Dry Ice is not necessary. 
Fundamentally, to establish and maintain a given pressure of water 
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vapor, it is the temperature of the condensing surface which is 
determinant, and not the temperature of tlie refrigerant. The con- 
densing metallic surface does not long remain clean, as a thin film 
of ice is soon formed. Tlie proper temper;itiire recjuired for the 
condensing surface depends upon the c<iefficieiit of heat transfer 
at the cold surface, which is influenced bv the iion-conden.sabh' 
gases which contaminate the water vapor, and the nature of the 
condensing surface. For example, a nietallie surface has a bettei' 
factor than glass or ice, h^urther, the area of condensing surface^ 
should be large to keep at a minimum the amount of heat to be 
transferred per unit area. The low^tu' the amount of heat to be trans- 
ferred per unit area, the less the rerjuired over-all differential l)e- 
tween temperature of refrigei'ant and temperature corresponding 
to the pressure of w'ater xapor in the system, Tfie required tem- 
perature for the refrigerant in part depends also u])on the thick- 
ness of the la\'er of ice built up on the condenser. This must be 
taken into account because of tlie poor thermal conductivity of ice. 

The iioii-condensable gases account for the dillerential (“split”) 
between the temperature corresponding to the xapor pressure of 
ice, equal to the total press me in the svstem, and the actual tem- 
perature of the surface of the ic(' on the condenser. This differen- 
tial mav also be expressed as the ratio of partial pressure of water 
x'apor to the total pressure in the .system, and has great influenci' 
on the efficienev of condensation. This effect on transfer of heat is 
controlled by using tight vacuum e(|uipinent and pumps of ade- 
quate capacity for non-condensables. 

To accelerate the transfer of heat l)v controlling the nature of 
the condensing surface, metal .surfaces of small area continiioiislv 
de-iced (scraped by rotation of blades) have been used. Tliis is an 
attempt to take adxantage of bctt(’r heat transfer at a clean me- 
tallic surface and at the same time to eliminate the usual slow- 
conducting layi^r of ke. In practice, a truly ch'aii surface has not 
been achiev(?d, A molecular film of ice provides a coiuh^nsing .sur- 
face of ice instead of metal, and is as bad as a block of ice insofar 
as transfer of heat to ice-condensing surface and from ice surface 
to adjacent metal surface is concerned. Consequently, to make 
such condensers of limited surface effective, lower temperatures 
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of condensing surface must Ire maintained, This offsets any ccmi- 
omy gained. If the layer of ice is reasonably thin, conductivity 
across it is faster than transference of heat from vapor to the ice 
surface, so it is the latter which controls the over-all rate of trans- 
fer. Ikan claims that vacuum-condensed ice conducts as well as 
metal/ 

Accordingly, it becomes necessary to accept an ice surface with 
its poor heat transfer. However, by u.se of condensers of very large 
.surface, whereby the heat to be transferred per unit area is kept 
small, a higher surface' temperature is adequate. Also, the ice layer 
is kept as thin as possible, to minimize the poor conductivity, so 
that both effects of extending the condensing surface lead to higher 
permissible temperature of refrigerant.” 

The net result of all these factors in combination may be ex- 
pressed in terms of th(' effective partial pressure of water vapor 
which can be cstabli.shed within the vacuum .sy.stem by the con- 
denser during drying. Assuming that the equipment is designed to 
avoid rf'strictis e orifices in \’acuum lines and elsewhere, tlie differ- 

^ Friecliiuur'' niiscoustnied die pre\imish' niiblidied statenieiits.'’' As the 
a!)()\'e discussion .should make clear, it Ims not been postulated that “tlie heat 
transfer rate through .solid ice is independent of the ice tlu'ckness.” Heat trans- 
fer from the \'apor to the condensing surface of the ice is independent of the 
thickness of the ice. Also, transfer of heal from the surface of ice adjacent to 
the metal of tlie condenser to the metallic condenser surface is independent of 
the thickness of the ice. Thi.s consideration is iniirortant in connection with 
tlie much better coelliciimt of a coinpleteK^ clean metal surface compared w'ith 
an ice surface. Xatnrallv, the thickness ol tlie ice also is important in the ox er- 
all transfer from \apor to the metal, but in a critical analysis this factor must 
be .separated from the factors of transfer from surface to surface, 

JSimilarly, it has not been postulated that the condenser surface is limited 
to 55 per cent ol the absolute \apor pre.s.sure of water at the temperature of 
the frozen material. This is fully discussed iu the folloxxang pages. 

Further, Friedman misinterpreted tlie article b\' Brown, Bierwirth and 
Iloylcr,' which Friedman summarized as being an “article on coiubined di- 
electric and sublimation drying.'' In this article on use of dielectric heating 
for penicillin, metliod and ('(iiiipmi'nt were described for loxv-tempcralure 
liquid exaporation, tire temperature ol the solution being of the order of 
+35®C. The principle is one of drx'ing xvith sufficient rapidity so the time 
during which the iirodiict is exposed to this ti'inperatiire is too sliort for de- 
terioration to occur. In lacU the artiele points out that it is necessary to ax’oid 
too high a xaciiimi, about 20 nun. being tlie iiiiiiiiiium pressure; otherwise 
arcing in the high-frcquencx^ field will occur. In freeze-drying operations, cx en 
for pure ice, the maximum permissible pressure is sonu'thing oxer 4 mm. In 
practice, as has l)ecn pointed out, considerably lower pressures must be used 
because the products being dried must be maintained at much lower tem- 
peratures, in some cases — 30"C and loxxer. This corresponds to a maximum 
pre.ssurc of 200 to 300 microns for .such products. Naturally, xxath presently 
fca.sible frequcncie,s, RF heating cannot be applied to drying by sublimation. 
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eiitial between this pressure and tlie vapor pressure of the evapo- 
rating product, such as plasma, determines the theoretical maximal 
rate of flow of vapor. The vapor pressure of the product at the tem- 
perature at which it should be dried, on this basis, determines the 
temperature at which the condenser should be maintained. Some 
products must be kept colder than others, as will be discussed later. 
In Fig. 2.1 is shown the pressure differential produced by various 
temperatures at the condensing surface in relation to four differ- 
ent temperatures at which products are kept during drying. This 
differential in pressure is the driving force. It will be observed that 
for each of the se\ eral temperatures of product, there is a minimal 
temperature of the condenser surface, below which very little fur- 
ther increment is gained bv furtlrer reduction in condenser tem- 
perature.^ This has been pointed out also bv Greaves.'' He states 
that with scrum at -35X and condenser at — 45‘^C, there is a 
differential of 0,112 mm. Hg in pressure. With reduction of con- 
denser temperature to that of liquid air, the same differential in 
pressure would lower the serum by only 4.5“, i.c., to -39,5'^C. 

Further, as drying proceeds, it is limited in rate by diffusion of 
vapor through the interstices of the porous drv outer layer of prod- 
uct, which act as orifices, Bv laws of adiabatic gaseous flow through 
orifices (Napier equation), a differential between the \'apor pres- 
sure at the surface of the condenser and that at the ice surface 
within the product where the foimer is 55 per cent of the latter 
will result in the maximum rate of flow obtainable. This has been 
borne out experiincntallv using ecjuipinent in which the tempera - 
ature of the condenser sm face may be varied from —10 to — 60'^G. 
For example, with one batch of blood plasma being dried at 
— 18^C, and the condenser at — 25""C, drying was completed in 
21 hours. In another run with the condenser at — 40^C, the time 
\vas the same, but the jacket temperature of the drying chamber 
had to be raised after the first two hours from -(-65"C, used in the 
first run, to -fOO'C in order to keep the plasma at — 1S°C. In fact, 
if the jacket temperature is not raised in this way, drying is re- 
tarded to 27 hours with a — 40'Xl coiidenser, the plasma drying at 
about — 32""C. Pre.ssurc was 500 microns in both eases, but if the 
jacket had not been raised to f 90"G with -40®C condenser, the 
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fig. 2.1. Driving force in terms of differential in pressure pro- 
duced by various condenser temperatures for products main- 
tained at three different temperatures. “X" on each curve repre- 
sents the temperature of the surface of condenser ice giving rise 
to the maximal differential of any value according to the Napier 
Equation, assuming no restrictive orifices in pipe lines, etc., other 
than in interstices of the porous dry outer layer of product itseff. 
This applies to the first stage of drying when ice is being sub- 


limed. 
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pressiiiv \s’(Hilcl haw had to hv 225 iiiitToii.s'. Tlu* (dfidciicv of trails 
fer ofhvut to the pia.sina is a/J-iinportaiit ii) rapid drying, provided 
the ice-condeiising surface is below the critical level clKSCUSScd for 
obtaining the most rapid flow of vapor. 

In drying bv sublimation the i^ressures are well above one mi- 
cron and the laws of flow of fluids applv to the movement of the 
water s apor, These laws as applied above are based upon the con- 
ditions of “screening” set up at an orifice wlicn the downstream 
pressure is decreased below the limiting ^’alue. This screening ac- 
counts for the apparent discrepancy in not obtaining faster flow as 
a result of a greater differential in pressure. At pressures below a 
micron the mean free path of the molecules approaches the diame- 
ter of the pipe line and tlie la^vs of flow of fluids no longer go\’ern. 
_\[o\ emeiit of the \'apor is then controlled bv the natural diffusion 
of molecules, but this condition is not reached in drying by subli- 
mation. 

This comparison of diflerentials in pressures assumes no restric- 
tions in vapor lines, necks of ampules, or (dsewhere in the high- 
vacuum sv stem. Otherwise, the temperature of the condensing sur- 
face would need to be reduced in order to produce a lower partial 
pressure of water vapor on the side toward the coiidcn.scr of each 
restriction or orifice', Sncli reduction to less than 55 per cent of the 
pressure on the diving side of each orifice, bv laws of adiabatic 
gaseous flow, can produce no further increment in rate of flow 
through the orifice. In other words, beyond a certain point, low- 
ering of the temperature ol the condenser cannot compensate for 
small vapor lines or restrictions. 

By use of condensers of great surface having “constant effi- 
cienev,” and bv a propc'r lialancc of all other factors- concerned, 
a very important practical conclusion i.s obvious as a result of ap- 
plying this law of flow, Ciorulcnsers may be operated at tempera- 
tures much above anv originally lielieved possible and without 
.sacrifice of effectiveness. With jilasma at -21X1, a temperature 
of ice on the condenser of about -27"C produces a vapor pressure 
equal to 55 per cent of that of the plasma and low('r temperature at 
the ice surface is of no advantage. 
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1. Desiccating substances. Chemical desiccants such as 
phosphorus pentoxide and sulhin'c acid have been suggested. 
These are impractical, Jiowever, on any scale of operation be- 
cause of high cost, difficulty in usiiig them, and other reason, s. 
Regenerable desiccants having a lov^ enough vapor pressure liave 
much in their favor under certain circumstances." The previous 
discussion of vapor pressure and coruhmser teMiperature applies 
also to the use of desiccants, Inasmuch as these desiccants are re- 
generated by heat, and since heat also is produced as a result of 
reaction of the desiccant with water vapor, a problem is intro- 
duced in properly maintaining low \^apor pressuie of tlie desic- 
cant as drying proceeds; that is, the desiccant, s have a high thermal 
coefficient of vapor pressure. The heat of reaction is not readily 
conducted away in vacuum, as the desiccants them.sclves arc poor 
conductors. The problem can be controlled, however, either by 
regulation of the quantity dried in relation t(3 the amount of desic- 
cant used (based on heat capacity of the entire bulk of desiccant), 
or by special means of cooling the desiccant. The desiccant can be 
either of the type which forms a fixed ciiemieal hydrate, such as 
calcium sulfate, or of the physical type which combines with wa- 
ter by ad.sorption, such as silica gel or alumina. In the latter ca.se 
the problem of warming the desiccant during drying is magnified 
because the vapor pressure, even at fixed temperature, rises with 
each small increment of water \'apor adsorbed. 

One rather complicated apparatus has been used which utilizes 
.silica gel coolerl hv mechanical refrigeration. Cooling to low tem- 
perature in thi.s fashion accomplishes two purposes: removal of 
heat ad.sorption of water and minimization of the effect of the 
gradual increase in \’apor pressure as saturation ol the dc.sic;caiT 
is approached. Then, by changing to a fix'sh batch of refrigerated 
desiccant for completing desiccation, the final re.sidual content of 
the dried product may he reduced to a satisfactory level. How- 
ever, specially prepared calcium sulfate (“Drierite ’) in controlled 
amount without cooling has prox ed particularly satisfactory and is 
widely used, since it maintains a constant vapor pressure at any 
given temperature until saturated, 
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3. Direct pinnpin^ of the water vapor provides one of the 
simplest commercial procedures.'^ Again the same pressures must 
he produced as are obtained with condensers and desiccants. In 
this case, the same means is used to pump out non-condensables as 



Fig. 2.2. Four-stage steam ejector with one inter- 
stage condenser between second and third stages. 

The condenser is of the barometric type ("leg” 34 ft. 
long not shown). This ejector is used in conjunction 
with the drying chambers (see Figs. 24 and 25, Chap. 

5) and takes the place of a condenser. 

establishes the low partial pressure of water sapor. Either an ejec- 
tor pump or ail oil -sealed rotary pump may be used. In the latter 
case, the pump must be; erpiipped with means for continuously n'- 
moving water from the oil of the vacuiun pump, such as by a cen- 
trifugal clarifier. In this way, even though the oil-sealed pump i.s 
carrying water vapor through it, freshly claiified oil from which all 
condensed water has been removed by centrifugation is returned 
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to the high vacuum side of the pump and its olficiency is not im- 
paired. A multistage steam ejector with interstage condensers is 
.suitable and is widely used in large-scale operation (Fig. 2.2). 
Combinations of these or of other accessory means, such as oil- 
diffusion or oil-ejector pumps, may be used. In any event, the vol- 
ume occupied by the water \'apor under e.vpanded conditions of 
such a high vacuum is tremendous. The pumps used must hav(' an 
exceedingly high volumetric capacity under these conditions. 

On casual consideration it might appear that an ordinary oil- 
sealed mechanical rotary pmnp would have insufficient capacity 
because of the low efficiency under conditions of high vacuum. 
However, inasmuch as the water \^apor is condensed on the high- 
pi-e.s'.sure side of the rotary pump, at a pressure equal to the \'apor 
pressui-e of water at the temperature at which the pump is operat- 
ing, the pump is able to operate against a back prc^s.sure which is 
much below atmospheric. This is general] of the order of 125 mm 
of Ilg. In effect, this approximates a second stage for the pump, 
so that under actual opci’ating conditions of pmnping water vapor 
the efficiency of a single-stage oil-sealed rotary pump will be main- 
tained close to 100 per cent at 100 or 200 microns. 

Even so, the capacit}' of am' mechanical pump within practical 
limits is such that in larger-scale operation a jet-type ejector is pre- 
fern'd. Whether the ejector, in the case of steam, is of four or five 
stages and whether moie than one interstage condenser i.s to be 
used, are engineen'ing considerations of detail The a^'ai]al)ility and 
relati^'e costs of steam and cooling water must be considered; large 
(quantities in anv e\ent are re(quired, Bv-product facilities for these 
inav be a\ailable in certain locations and the cost of operation is 
then low. 


Stage.s of Drying 

There are two stages in drying liv sublimation: in the first, ice 
is evaporated from a frozen mass; in the second, moisture is re- 
moved from the final dry solid to l()W(’r the residual content to a 
minimal level. During the first stage, depending upon tlie product. 
soiTK' 98 to 99 [)er cent of all water is remo\ecl. In the second, 
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the residual moisture eonteut is rediiced to 0.5 per cent or les.s of the 
final solids, which represents removal of o\ er 99,95 per cent of the 
original content of water (assuming 10 per cent solids originally), 
111 the first stage, temperatures are well Irelow 0"C; actual temper- 
ature varies witli the product, as will be discussed later. Suffice it 
to sav' at this point that few products can be dried at a temperature 
higher than — 5'(1 during the fir.st stage. Some food and medical 
products may be dried in the range of —5 to — 10 C. A tempera- 
ture of — ID'^C is critical with many. Some medical products must 
be at — 20“C and others as low as -3()"C. An impure penicillin 
may have to be kept as low as — 40 C; streptomycin below —30 'C. 

During the final stage of drying, the dry product is taken to 
as high a temperature as it will .stand in order to reach minimum 
moisture content in the shortest time. Some products, even in the 
final dry condition, arc less stable than othei's, so that tlie final 
tein])erature varies vvidelv. For example, certain dry l^iological 
products, like viruses and many living bacteria, cannot be taken 
much above normal room temperature. On tlic other liand, Ijlood 
plasma mav b(' taken as higli as (SO Ck The various temperatun's 
for specific products arc discussed in the next chapter. 

DEGREE OF V A C; U ir M AM) TEMPERATURE OF 
PRODUCT DURING FIRST STACIE OF DRYING 
During the first stage of drying, at vv^iich tinn^ tlu' product is 
vvtII below 0 C, if efficient vaenum pumps arc used and there is 
little leakage of air into the vacimin svstejn, the total pressure will 
be largely that of water vapor and will eorresjjond closely to tlie 
temperature of the product being desiccated. Witli products sueli 
as plasma this is in the range of 500 to 300 micrf)ns; sfune mav he 
high(‘r, ill some cases as liigh as 2000 to 3()0() microns. In tht' (‘as(' 
of penicillin the pressure must he as low as 200 to 300 microns. 
Most biological products, such a.s scrum and plasma, have an in- 
itial freezing point a fracti(m of a degree below O'C. However, as 
desiccation proceed.s, a eutectic separation occurs (or gradual sep- 
aration of a small proportional part of concenti’ated solution re.suit- 
ing from frozen-out solute and more dilute .solution), and an ap- 
parent partial softeiiitig or melting (puffing) of the product may 
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occur at temperatures eveu well below The condition is 

more apparent than real, since close examination of the product 
reveals it to be grossly hard and brittle, Nevertheless, such a con- 
dition if of serious proportions should be avoided; hence a lower 
maximal temperature is required. In the case of serum, a product 
temperature of -9 to -12%] is sufRcieutly low, but with plasma 
the temperature must be -20 to - 25'’C. An examination of the 
vapor pressure of ice in these two temperature ranges will show 
that over three times as high a pressure can be used in drving 
serum as with jdasma. Because of the marked decrease in \'apor 
pressure with temperature, for greatest efheienev the temperature 
of the product being dried must be no lower than nccessarv, 

Greaves" suggests the following as a means for determining the 
temperature at which a solution should be held during freeze- 
drying for sublimation to occur from the solid state. The first pro- 
cedure is to measure the eutectic of the .solution. This is found by 
placiiig .some of the solution iii a coiKlucti\'ity cell adapted for 
temperatmx' imnisurement, and plotting conducti\aty and temper- 
ature on cooling and warming. The eutectic is shown by a plateau 
in the cooling cnr\'e coinciding with a sudden increa.so of resist- 
ance to an infinite \v\o]. This method works well with simple salt 
solutions, but with complex salt and protein solutions eutectics do 
not appear to he situated at temperatures which one miglit expect 
from consideration of the salt content alone. For example, with 
serum, whose main salt is sodium chloride, with a eutectic point 
at ~2l.4"C, no plateau is found on a cooling curve below -1.5^0, 
though the resistance does not become infinite until \Try low tem- 
peratures are reached. A more practical approach is to dry at dif- 
ferent temperatures and obserx e what liappeirs. A preliminary idea 
may be obtained by freezing, iin citing the bottle, holding it at 
different temperatures, and noting whether any liquid separates 
from the ice at these temperatures. 

When estimating eutectics by drying, the point.s to observe 
are: (a) anv tendency for bubbles to form on the surface, (b) 
contraction in volume of the dried material when compared with 
the original liquid volume, and (c) “scaliness” of the dried mate- 
rial. Basing his conclusions on these points, Greaves states from 
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practical experience that it may be said tliat sca-a will dry well it 
held below — 10 C during the first stage of drying, plasma at from 
-10 to — 25 'C, depending upon the citrate to protein ratio, and 
sodium penicillin at below -25 'XI if impure (the purer solutions 
will dry satisfactorily at higlier temperatures). Samples of broth 
ma\' dry well at -30'"C\ though in some cases it may be necessary 
to go as low as -60 C to obtain perfect desiccation; this is impor- 
tant, since ft is frequently coinenient to dry virus and bacterial 
suspensions in broth. 

T A » 1 . r: z 


DRYING TEMPERATURES AND PRESSURES 


Product 

Dnjinc-tcmpcratnrc 

Vapor Pressure 

Average 


Ran^e 

Rao^e {Ice) 

VajH)}' Pressure 


r'C) 

(mm //g) 

(mm //g) 

Serum 

-9 to -12 

1,8 to 2.3 

2.05 

Plasma 

-20 to -25 

0.5 to 0,8 

0.65 

Penicillin 

-28 to -82 

0.2 to 0.3 

0.25 


In Table 2 is shown this relation b^'tweam the pressures re- 
quired for drying serum and plasma, based on tlie \'apor pressures 
of ice in the ranges of temperature which are satisfactory. Accord- 
ingly in any direct pumping sx^sttnn (with either steam ejectors or 
rotary pumps) about three times as gix^it a yolumetric capacity is 
required to drv plasma ;it the same rate as serum because of the 
higher yacuum needed. Otherwise a product which has partialh' 
thawed or softened during drying will he obtained. Th(' capacity 
of the \aouiim pump is a \’ohimetric factor whicli is constant re- 
gardless of the degree ol \acuiim (exccqX for lowered efficiency 
near the limit of the ultimate yiciuim producible hv the pump). 
Therefore, at higher \'acuum a [)roj)orti{matelv smaller weight of 
water vapor is withdrawn in pumping the constant \Y)lume. 

DECHEK OF AC HUM AM) r E .M J> E H A I' U H E OF 
P H O I) U C I) U H I X (; S E C O \ D S T A (; E 0 E I) H Y I X C 
Th(' final temperature to whicli th(' product may 1)(' taken in 
the secojid stage of diving and tlu' hvgroscopicity or vapor pres- 
sure' of the product at that tempe'rature also have a bearing on the 
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lecjuiicd tenipoi atm (’ ((jr th(' condoiKser or pressures needed in di- 
rect pumping. This relates to the final residual content of moisture 
obtainable. Whatever the vapor pressure of the dry product, the 
condenser or chemical or pump must establish a pressure which is 
lower. With a desiccant, vapor pressures of 10 microns and lower 
arc leadily obtainable, and with condenscM's or pumps a pressure 
of 100 microns presents no engineering problem. A . condenser tein- 
peiatuie of —40 is adequate to assure this. Few products en- 
countered have a vapor pressure of less than 200 microns at 50'X': 
wlien containing 0.5 per cent moisture. Plasma may be raised at the 
end of drying to to 80"C and a large differential iTadily ob- 
tained. This is. ]iowe\'('r. a higher temperature than that to which 
orange juice can he taken. 

In cases of hygroscopic products not stable at higher tempera- 
tures a regenerable desiccant may be used advantageously to vield 
low partial pressure of water vapor during the final stage— either 
calcium sulfate or a pcax'hl orate.'' Since such a small actual weight 
of water is remo\ ed in this stage, regeneration of the desiccant is 
infrequent. This is a less expemsive means than refrigeration to pio- 
duce lower final condenser temperature or a steam ejector fol- 
lower total pressure. 

It appears that the ‘puffing” which occurs during the first dry- 
ing stage of certain products is due to a plastic condition of the 
frozen material. Such products as arc extreme in tlieir tendency to 
puff, e.g., orange juice, penicillin and amino acids, have friav.ing 
points lx4wccii 0 and 5“Ci at reasonable or normal concentrations. 
Tests with a penetrometer indicate that these products possess a 
degree of hardness similar to tliat of pure water-ice. At tempera- 
ture.s around — 80 C, thev are almost the same as ice. Even at tem- 
peratures of -10 and -6 C, tlic dc'grt'e of hardness is not much 
different from that of ice. At the actual melting points of the sev- 
eral products, the degree of hardness is the same as that of ice at 
its melting point, although, of course, pure ice is then a few degrees 
higher in temperature. 

Ill spite of the foregoing considerations, at temperatures as low 
as -10"C and ('ven in some cases as low as - 25 to -30X\ there 
is some apparent “bubbling” or “puffing” of the product. This con- 
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dition does not set in as it would in the case of an actual liquid; in 
some instances as long as an hour or two may be required for the 
formation of a single bubble. Naturally, with any given prepara- 
tion, the lower the temperature the longer the time required for 
puffing and the less extensive it is. Only at temperatures below 
about — 40"C do such products become brittle so that they can be 
cracked and broken up in a granulator. 

This situation during drying does no harm provided that the 
expansion of the product is not sufficient to carry it out of the con- 
tainer in which drying is taking place. In fact, within certain lim- 
its, the rate of drying can be accelerated as the result of the greater 
amount of surface exposed for evaporation. In any event, the degree 
of puffing varies with temperature, and in the case of all prepara- 
tions of penicillin dried at a puffing temperature, the puffing has 
been shown by Cavelti'" to be the result of bubbling in vacuo of 
microscopic droplets of eutectically and highly concentrated vis- 
cous penicillin solution dispersed throughout the solidly frozen 
hard mass of solvent being sublimed. The condition may be aggra- 
vated by a component of low surface tension. With certain penicil- 
lin preparations, this component is apparently an impurity pre.scnt 
in particularly small amount. The tendency to puff in such instances 
decreases as the purity increases, and the concentration of total 
solids drops. Tlie actual units of potency per milligram of solids is 
not an index of tendency to pnH, .since all impurities of normal 
occurrence do not ha\e this same eharactei'istie. 


Heating Frozen Products without Thawing 

Recognition of critical relationships governing the supply of the 
latent heat of sublimation to the evaporating frozen product was 
first recognized in 1935 and described in connection with drying in 
containers attached to a manifold.’ " This marked the departure 
from previous desiccator methods in which the products were ei- 
ther vacuum-insulated from the room or any other source of heat, 
or were even chilled by refrigeration, being in direct contrast with 
positive and controlled heating of the product after proper freezing 
and other factors. " " The uncertainty of results and the failure 
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of the older method with delicate prc'parations. in contrast 
with present-day successful results, is discussed in connection with 
the preservation of bacterial cultures in Chapter 8. A proper bal- 
ance of supply and loss of heat through evaporation in order to 
maintain a temperature below freezing is accomplished hv control- 
ling ttie ratio of the evaporating surface to the surface of the frozen 
product adjacent to the outside wall of the container. H('at is sup- 
plied at the latter surface and utilized at the fonner. The size and 
shape of the containe]', the cpiantity of product frozen in a given 
size container, together with its position, and the shape in which 
the product is frozen nuist be carefully controlled to satisfy the 
critical ratio of the surface mentioned. Medical products which 
are usually dried in the container to he used for their distribution 
require different methods of freezing. Blood plasma, of which a 
dose is a relatively large volume, is "shell -frozen” around the inner 
periphery of the bottle by rotating it in a licpiid freezing bath or 
otherwise, as described earlier in this chapter. The typ<' of e(jui]i- 
ment used for this purpose is discussed in Cffiapter 5. In this wav 
a relatively large evaporating surface is obtained with minimum 
tliickness of layer. The evaporating surface rcprcsa'uts a hollow 
core through the center of the frozen product. As aporation pro- 
ceeds this surface expands with the receding ic(‘ lav(u-, ,\ iiotahh' 
increase of the rate of drying occur.s, therefore, idler the first hnv 
hours, when the first stage of drying is about 20 to 30 per cent com- 
pleted. More heat may be applied to the product without raising 
its temperature when this point is reached. 

When long cylindrical containers are used for smaller volumes, 
the products often are frozen in tlie form of a long “slab’ on one 
side of the container. The containers are merely placed on tlunr 
sides in a freezing hath of liquid or in a low-temperature rcdrigr'ra- 
tor. In the case of products like penicillin, where a few cubic centi- 
meters are to be dispensed in a bottle which may he of 20 or 30 cc 
capacity, the bottles remain in an upright position so that the prod- 
uct is frozen as a “plug” on the bottom of the container. 

The faster heat can be supplied, the fastt'r drying can he carried 
on, but the temperature of the product must not be allowed to rise 
above its liquefying point, Either manifolds, mentioned abov(', or 
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\'acuuiii chambers may be used. \^acniim shelf dryers are widely 
used for this purpose. These are designed either for direct electric 
heating or for circulation of the lieatiiig medium, such as warm 
water, through the jacket and hollow .shelves to supply the latent 
heat of \aporizatfon more rapidly under controlled conditions. 
Recently, improved efficiency in the means of vapor withdrawal 
has made it possible to use even steam ( at pressures as high as 40 
lbs per sq in) with some products like meat, without melting the 
frozen product. This greatly shortens the drying time. As drying 
nears completion and there is less evaporative cooling, the high 
temperature^ of the heating source must be lowered so that the final 
drv product is not taken abo\^e its safe limit. 

The \acuum shelf drver has proved viny satisfactory and is 
now the most widely used single piece of eijuipment for plasma, 
serum and streptomvein in the United States and Cianada. It is 
coming into u.se in England and elsewhere in combination with 
both direct-pumping steam ejectors and low-tcmperature conden- 
sers. Electrical sources of heat, such as resistance h<.“aters, induc- 
tion heating, high-frequency fields or dielectric heating, and 
infrared lamps, as well as other forms of energy inav be utilized. 
Oil baths also juay be employed. So far, simple hot water has b(xm 
used most widely. It is important for fast drying that heat be sup- 
plied rapidly. In order tliat drying may proceed with proper uni- 
formity, it is essential that the hot water system be properly 
designed for even distribiitioti of heat to the product. When using 
manifolds, warm or hot air may be blown by fans at the bottles of 
drying material. 

With baths, either within vacuum chambers or around mani- 
folds, closer control is possible and beat units can be introduced 
more rapidly from lower temperature sources. This provides less 
danger of overheating dried portions of products in the container 
toward the end of drying. At the oiitst't tln^ teunperaturc' of the hath 
is held below freezing but, of course, it must be higher than the 
temperature of the product in order to supply the necessary latent 
heat of sublimation. As drying proceeds, the temperature of the 
bath is gradually raised. It should be pointed out that in the vac- 
uum chamber, when the bath is held below room temperature, it 
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is not necessary to chill the bath but rather to heat it, e^'en though 
it is held at low temperature. Finally, tlie temperatuia' of the bath 
is set for the maximum to which it is safe to take the final dried 
product. In this way drying can be accomplished as rapidlv as with 
higher-temperature sources, such as steam in sh('l\'es, which must 
radiate the heat across the vacuum space. The baths accomplish 
this at the lower temperature because of better transfei- of beat l)y 
direct contact from liquid to solid surface. Altliough the period of 
drying is reduced to a minimum, baths are more complicat(‘d in 
operation and do not lu^cessarily reduce the cost of e(|uipnient or 
of operation. Special metallic holders luav be used for increasing 
the rate of heat transfer, and gi\'e iiearlv the same results in simpler 
fashion. 

Many varieties or combinations of chainlxu's and manifolds can 
be n.scd efficiently. These are described in greater dt-tail in (iliapter 
5. The fundamental difference betw(*en them is the maimer of sup- 
plying heat and in sealing the final containers, With manifolds, 
a greater number of leak-subject vacuum c;onii(*etions are re(juired, 
but manifolds provide for convenient sealing of the final containers 
aseptically under the original vacuum." Also, manifolds provide 
flexibility when the same machine is used for differemt types of 
products or varying (]ii anti ties of material in the containers of a 
single batch. 

Greaves'" points out that control of the supply of the la ten it h(‘at 
of sublimation is the most important singk' factor in lia'c/.e-drying, 
Greaves has given the following analysis of the variables involved: 

The latent heat of evaporation of ice at different temperatures 
can be calculated from Clapeyron’s ecpiation ; 
dl- 

dT f 

which gives a value of 672 cal/g between - 25 and -SO'^C. Within 
the accuracy of this analysis it is fair to assume an a\^erage value of 
670 cal/g of ice over the whole range. Upon verification of this 
figure ill condensation frcczc-drying apparatus, a figure of 901.5 
cal/g was obtained. Grea\'es ascribes this higher figure to losses in 
the system, but he advise.s its adoption when calculating reepure- 
ments for equipment, 
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Greaves states that from Clapeyron’s equation it is clear that the 
speed of drying depends solely on the rate of application of heat. 
How quickly the heat can be applied will depend upon: (a) the 
duty of the refrigerator at the condenser temperature required; 
(b) the highest ‘‘safe'' temperature at which the material may be 
dried: for a given heat input, this temperature will depend upon 
the degree of obstruction to the (low of vapor and upon the con- 
denser temperature; (c) the highest temperature at which it is 
considered safe to operate the heaters; and ( d ) the rate of transfer 
of heat through the frozen material. If the heat input is too high 
there will be a tendency to thaw at the point of contact of the 
frozen material with the heater surface. 

During the early stages of drying a steady and balanced heat 
input can be arranged, but as drying proceeds the rate of heat 
absorption by tbc drying material will drop. Greaves found the 
following over-all average figure useful for preliminary calcula- 
tions: 1 wait heat input icill dry 1 ml in 1 hour. For example, if it 
were required to dry 2,000 ml in 10 hours, the heat input required 
would be 200 watts, and the refrigerator duty jnust handle this 
load at the required temperature. 

The heat applied to the frozen material during drying produces 
a vapor pressure difference between the evaporating and the' con- 
densing surfaces, and this reficcts a difference in temperature be- 
tween the two surfaces. The system consists therefore of; (1) a 
pressure difference, (2) an obstruction, and (3) a rate of flow. The 
relationship between the tliree is similar to that in Ohm’s Law; 

Vapor pressure difference „ ,, 

t I _ 

Obstruction to now 

Since the rate of flow depends upon the heat input in watts {Cla- 
peyron’s equation), the formula may be expressed as follows; 

Vapor pressure difference 

— -r— fT -KX watts 

Obstruction to now 

Greaves defines the unit of obstructive resistance as that which, 
under a vapor pressure difference of 0.01 mm Hg, passes vapor at 
the rate at which it is liberated by a heat input of 1 watt. 
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where: P = vapor pressure across the resistance in mm Hg 
P — the obstruction expressed in the units proposed 
W = the heat input in watts 

Greaves does not assume that tliis analysis takes into account 
all the physical factors conccTuecl, but over the pressure and tem- 
perature ranges norinally encountered in this technique, he assumes 
that calculations based on these assumptions will be rcasonabK' 
accurate in practice. 

By making R infinitely small, W can be infinitely gi eat without 
producing any significant rise in P. Drying cannot be made instan- 
taneous, however, because the infinitely great W would cause' an 
extremely high heat density and high tennperature. This would 
cause melting at the contact surface of the frozen material be'caiise 
of its relatively low thermal conductivity. Nevei thelcss, in apply- 
ing this formula to the drying of serum in open dishes as contrasted 
with open bottles or filter-capped bottles, Greaves concludes that 
serum in open dishes should dry much more rapidly than in bottles, 
particularly when capped with filters. However, we have found 
that by use of bottles with 0]5enings of the proper size, as custom- 
ary in th(' United States, there is not nearly as wide a differeiici' in 
time required for drying as the calculations of Crea\Ts would 
imply. In the next section we shall considt'r other factors involved 
in determining the ultimate rate of drying which are ecjuallv if not 
more important in detcumining tlu' c:ontrnl of heat. 

Greaves applied his formula to experimental data to ascertain 
the various R values of the different parts of the system as follows: 

( 1 ) Serum in open dishes 
P = 0.02 mm Hg 
W 2<50 watts 

0.02 X 100 

therefore, R = — — = 0.008 
2o0 

This means that 0.008 unit of obstruction exist in the system, the 
result of the presence of non-condensable gases and of the path 
the water vapor has to take in order to reach the condenser. 
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(2) Serum in open bottles 
P = 0,25 rnni Hg 

= 7.14 watts per ]) 0 ttle, total 250 watts for 35 bottles 

Here are 35 resistances (due to the necks of the bottles) in par- 
allel and one resistance (that of tlie system) in series with tliis 
group. Considering one i)ottle only, tlie e([uation becomes: 



no 

Ton 


where; R ~ n-sistance of the bottle iieek 
\V =- li['at input to each bottle 
r - resistance of the svstein (detenninccl a bow) 
ic total lieat input to all the l)ottles 
_ Wi) (P - nc) 

W 100 

_ m (0.25 - 0.02) -.3.22 

' f.f4 


Therefore, 3.22 units of obstruction exist in the neck of the bottle, 
which has a diameter of ”s in and a lengtlt of 1-^4 iii' 


Drying Rates 

It is not possible to set ti]^ drying ciir\’es which will apply 
etpially to the wide variety of products which may be freeze-dried. 
Further, the rates vary with tlie shape in which the product is 
frozen. For example, when blood plasina is “shell -frozen” within 
a bottle, at the outset the only surface for evaporation is that ex- 
posed at the narrow inner core running longitudinally through the 
bottle. As drying proceeds, the ice layer gradually recedes from 
the ijiitial surface along this core and expands in area. Conse- 
quently, drying takes place at a continuously accelerating rate until 
the ice layer is completely gone. As a result of this, it is possible to 
apply heat more rapidly as drying proceeds without raising the 
temperature of the product. In the case of sprayed particles in 
frceze-diying, thi.s situation is reversed, so that a more rapid rate 
of drying takes place initially. 

For uniform conditions we can consider the rate of drying 
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liquids which are “bulk" dried in flat pans or trays. Similar uniform- 
ity would apply to products “plug-frozen" in ’bottles but not to 
products “flat-frozen” on the sides of bottles where the amount of 
surface decreases as drying proceeds. 

Generally speaking, under uniform conditions, products of a\Tr- 
age characteristics may be dried at the rate of about 1 mm of depth 
per hour. This assumes optimal differential in vapor pressures and 
efficient means of heating. Naturally, the rate varies with the max- 
imum permissible temperature for any given product. Tlie 1 mm 
per hour rate assumes drying at - 18"C. Under these circumstances 
the rate of drying is constant and on a slraightline basis during the 
entire first stage of drying, which is until all tlu' ice is gone. This 
i-equires about 80 per cent of the total drying (line. With most 
substances this accounts for approximately 95 per ccmU of the total 
weight of water to be removed. During the n'maining 20 per cc'iit 
of the drying time the final 5 per cent of ii7ifial ^veaght of water is 
removed. The moisture content generally will be reduced to about 
1 per cent at the end of 90 per cent of the time (which corresponds 
to 99,9 per cent removal of initial moisture) and the final 10 per 
cent of the drying time is used to bring the moisture contemt below 
0.5 per cent (see Figure 2.3). 

The above final content of moisture assumes a \'ap{)r pressure 
at the desiccant surface or refrigerated surface well below the final 
vapor pressure of the product at the ambient temperature of the 
dryer. The rate given assumes a porous final product like dried 
blood plasma and other protein solutions containing not ON'er 10 
per cent of solids initially. With higher concentrations the greater 
density of the product retards the removal of residual nujisture. A 
similar situation exists with products such as orange juice, in whicli 
case the final material does not liaA^c a completely ]X)rous structure. 
With unconcentrated orange juice the time required to lower the 
moisture from 1 to 0.1 per cent is as much as 20 per camt of 
total drying time. This time is even increased in di ving preconceu- 
trated orange juice. 

The rate of drying penicillin varies widely with purity of prod- 
uct. The average amorphous product today resembles concen- 
trated orange juice rather than plasma in drying characteristics. 
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In the case of porous products having a vapor pressure over 50 
microns at tiie final drying temperature, a condenser ice surface 
temperature of is sufficiently low to accoinplisli tlie above- 

mentioned rates in reaching 0.5 per cent final moisture content. 



Fig. 2.3. Rate of drying lO/c plasma protein solution 
frozen in uniform flat layer 10 mm. thick. 


in other words, the length of drying cycle cannot be predeter- 
mined for any single product or class of product in the same way 
as is possible with more conventional methods of drying. Physical 
considerations are important in determining the temperature at 
which the product can be; dried. Because of unlike phase conditions 
in different substances, the temperature below which it is necessary 
to dry if puffing is to h(? prevented vai-ies widely from one product 
to another. 

Further, quantities of products dispensed vary from a fraction 
of 1 ml to around a liter. In some cases, it is necessary that the size 
of the bottle be as small as possible in relation to the volume of 
product being dried. Blood plasma is a good example of this; 600 
ml is dispensed in bottles as small as 750 ml. In the case of penicil- 
lin, as little as 1 ml is dispensed in a 20- or 25-ml container. Conse- 
quently, drying may be carried out much more rapidly in the latter 
case because of the reduced deptli of layer per ml of material. The 
evaporating surface is much greater per ml. 

When drying in bulk, with products like orange juice and amino 
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acids, it is advantageous to allow the temperature to rise to a puffing 
point to increase the amount of evaporating surface. Although this 
affects the conductivity of heat through the material, generally 
more rapid drying can be obtained bccau.se of the greater .surface 
exposed to evaporation. 

As indicated, drying rates arc determined hy the variation in 
the conductivity of heat through different solid masses. Tliis is in 
iiiaiked contiast witli the conditions existing in boiling liejuids, 
where there is essentially little or no thermal gradient from the 
heating source to the e\'aporating siirface. Accordingly, with any 
given material, it is necessary to determine experimentally the rate 
at which drying ean be carried out. Reference has been made to 
the reason for more rapid drying in thin films or fine particles. With 
thicker layers, as in a range of a few millimeters up to about 30 mm, 
products which do not “pulf” in the range of -10 to -2()"C usually 
may be dried at the rate of about 1.0 mm depth per lionr. In tliin 
films, this rate may be doubled or quadrupled. On tlie otlier hand, 
when drying certain of the more difficult products, such as con- 
centrated solutions ol amino acids, this rate may he as little as 
0.2 mm depth per hour. 


Mo.st Rapid Drying Cycles 

Basically, during the first stage of drying a maximal rat(* f)f 
evaporation of the frozen product must h(‘ obtained. To achieve' 
this, heat must be introduced into the frozen product as rapidly as 
possible witliout causing it to soften or melt. At the same' time a 
maximal rate of flow away from tlie exaporating snrfaee must he 
established. To accomplish this rapid flow adec{uate passageways 
mn.st be provided for va])or, and this must tlieii bc' condensed or 
evacuated efficiently. 

Highly efficient condons(;rs of adequate capacity for rapid re- 
moval of water vapor in the vacuum system may be used. Also, 
high-capacity steam ejectors for direct pumping or evacuation of 
vapor are available. Therefore, the controlling factor for rapid 
evaporation becomes the rate of supply of heat to the frozen prod- 
uct. In this there are certain basic limitations, 
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Heat must not be carried to the walls of the contaima' wliu i, 
holds the product faster than the heat can l)e conducted througii 
tlie frozen mass to a free surface where it is utilized to induce 
e\’aporation. Other\^'ise melting adjacent to the contaiiK^r wall wi!i 
occul'. Heat can he carried down fliia'ctiv to the evaporating sur- 
face itself in ordei' to a^'oid conductance tiirougli ice, but evei] iierc' 
there is a limitation. As soon as sublimation has proceeded to an 
appreciable extent the ice layer has receded from the level of the 
original surface, so that the evaporating surface has become con- 
fined within the interstices of the outer framework of porous dry 
solid. The heat must tlien be carried across this porous structure, 
hut the tcmpei ature of this dry portioii of the product nni.st not be 
brought ab()\'e the level at which it will be harmed. 

All of this means that the ultimate speed of drying is de- 
ternniied and limited bv the speed at which the heat of sublirna- 
tioti can be carried to the ice sm face, and this limitation is one of 
conduction through poor conductors. When heat is applied rapidly 
to a product during sublimation, measurement of the temperature 
at different lev els tliroughout the frozen layer reveals that there is 
a considerable thermal gradient from the outside surface up 
through the ice to the e\ap ora ting surface. 

The only remaining unexploited means that can be foreseen at 
present for fiirtlier acceleration of drying lies in development of 
a means for rapid generation of heat at the evaporating and re- 
ceding ice surface only. 7hin films assist materially in this direc- 
tion. This can be realized only in bulk drying because, when drying 
medical products in market eontainers, it is desirable for other 
reasons to use as small a bottle as possible. When drying in bulk, 
thin films cannot be used in tlio batch type of equipment because 
very short cycles increase the number of loading and unloading 
operations per day. These require not only more labor, but also 
more time than would be saved as the result of the faster drying 
rate. For this reason, in batch drying of products in bulk, longer 
cycles aie more conventional. In a continuous type of dryer ad- 
vantage can be taken of the faster rate of drying in thin films or 
fine particles, but this introduces other problems in the way of 
equipment which will be discussed in Chapter 6, 
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111 the final .stage of drying the rate of .supplying heat is not so 
critical because the actual weight of water being evaporated is 
small. The high porosity of the product allows the readv escape of 
vapors. 

Bradish, Brain, and McFarlane^' and Bradish’ * beliex o tliat tlie 
rate of drying is controJJed /iiore by Jimifatiojis in the rate of 
transfer of vt^ater vapor from the frozci] product to the ice ^surface 
of the condenser than by the preceding considerations of transfer 
of the latent heat of sublimation to the evaporating surface, as set 
forth by Greaves. Bradish states that the retardation effect of the 
porous dry mass above the receding ice surface of tlie material l)e- 
ing dried is small. He believes that the transfer of \’apor is limited 
by the rate of diffusion. He quotes Knudsen^'' that tlu' maximum 
rate of vaporization from an ice surface at absolute temperature T 
is expressed by the ecpiation 


C — 0.244 uc— j,- g per s(| cm per see 
max 


where Pr imn Hg is th(' saturated vapor pressure in e([ui librium 
with the ice surface and may be obtained from tlie physical tabk's. 
The numerical constant is a function of the molecular weight of 
the vaporizing material and a the condensation coefficient, which 
expresses the fraction of vapor molecules entering th(' mass of ic(‘ 
following collision with its surface. The fraction I — a is reflected 
on collision and remains in the vapor phase. Bradish states that 
Kniidsen has confirmed this equation and lias shown that the con- 
densation coefficient is unity for certain metals. It is pointed out 
that there is some doubt as to the value and temperature depend- 
ence of the condensation coefficient of water vapor. Bradisli then 
quotes Tschudin^® and Alty^' as reporting conflicting values. How- 
ever, Bradish feels that experimental and theoretical evidence 
favors the assumption of a unit condensation coefficient and he 
accepts this value. He says that the implication of a unit con- 
densation coefficient is simply that every molecule colliding with 
an ice surface is immediately condensed, although it may be re- 
evaporated later. Thus every molecule leaving the evaporating 
surfaces will suffer collisions in the partially dry material and 
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interspace and will eventiialy collide with, and condense on, th ■ 
surface of the froiien material or of the condenser ice. Tlie edectivi 
rate of sublimation is not ecjual to the rate of vaporization from th(' 
surface of the frozen material, but to the mass of water eapor 
actually transferred in unit time from frozen material to condenser 
ice. 

Bradish says that if the interspace gap is so short that molecules 
are transferred almost without collision, then the sublimation rate 
is equal to the rate of ^'apOl•izat^on at the surface of the frozen 
material minus the rate of vaporization at the surface of the con- 
denser ice. If numerous collisions occur in the interspace this 
simple difference equation no longer applies, and must be modi- 
fied to include terms expressing the proportion of molecules which 
traverse the interspace, as distinct from those which eventuallv 
condense on the surface from which they were evaporated. In 
drying systems in which the evaporating and condensing surlaces 
arc widely separated, or in which the pc: nianent gas partial pres- 
sure is high, the sublimation rate is low as a consequence of the 
numerous molecular collisions in the interspace. 

Bradish further claims to have obtained rates of drvitig much 
faster than those reported bv Greaves, which Bradish attributes to 
the placement of a cold condenser just above trays eontainhig the 
materials being dried. If faster lates aie actually realized there is 
no definite evidence to indicate that this may not have been purely 
as a result of better transfer of heat to the evaporating ice surfac(*. 
As long as passageways to carry the vapor are ade{|uate in diame- 
ter, no pressure drop can be detected between the condenser and 
the zones near the material being dried. This would seem to in- 
dicate that, as long as a properly efficient condenser and ade(|uate 
passageways to carry the vapor are provided, faster drying de- 
pends not upon the actual rate of diffusion but upon the rate at 
which heat is carried to the evaporating surface. Here definite 
measurable gradients of substantial magnitude are readily demon- 
strated. This may be as much as 5 or 10 in rapid drying from 
the bottom of a tray to the top evaporating surface where the beat 
is being carried to the tray from a hot shelf supporting it. This is 
far in excess of any difiFerential in terms of microns from the area 
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just above that of the evaporating surface to the region of the con- 
denser, even when the condenser is as far as 10 or 15 ft, away, witli 
large interconnecting vapor lines, 

Final Moisture Content 

The critical relationship between stability of the final product 
and extremely low moisture content was recognized in 1935 and 
for the first time set forth as a requirement.” A final moisture con- 
tent of 0.5 per cent was first obtained at that time and recognized 
as a desirable level for maximal stability of most medical products. 
In no case should a moisture above 1 per cent hv allowed if the 
product is to be stored for more than a few months, particularly 
when not under refrigeration. At 5 to 8 per cent moisture, the 
potency of even such a relatively stable product as diphtherial 
antitoxin falls off more rapidly than tliat of the original li(|uid 
product when kept at a corresponding temperature. There is also 
a rapid loss in rate and comjdeteness of solubility with a moisture 
content in this higher range. This is illustrated by data of Table 3. 

Greaves^'’ states that the current British practice is to (eliminate 
all residual moisture from blood plasma and serum. To accomplisli 
this, a three-dav cycle of drying using —41 to — 44''C condensers 
produce.s a residual moisture of 0,4 per cent. The residue is then 
lemoN'ed hv two successive secondary drying periods of two days 

lAHl.K 5 

LOSS IN POTENCY OF DIPHTHERIAL ANTITOXIN 

Horse Scrum 

Eficet (il initial content of moisture; stored at 37^C— all-glass coi^tainers 



1 

Initial 

Moisture 

(%) 


Potency, units pei 

•ml 


Initial 1 

6 wceksj 

0 mojitii.s 

18 

months 

y years 

Liquid 


550 

550 

<45 

0 


Drv 

0,5 

550 

550 

550 

550 

450 

Dry 

j 5 to 8 ' 

550 

i <45 

Insoluble 


; — 


each over P,0.. Thi.s consumes a total drying time of seven days 
per batch. In the United States, procedure occupying a total dry- 
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ing time of 20 hours or Jess (as little as S lioiirs) is able to produce 
0,2 to 0,5 pel' cent H:-0. Whether the time consumed in the BritisJi 
practice of complete elimination of the final traces of moisture is 
justified in terms of degree of increased stability of blood plasma is 
still an open question and only time can answer it. Current regu- 
lations of the National Institute of Health in the United States 
specify a maximal moisture-content of 1 per cent for dried biologi- 
cal products. Determination of the residual content of moisture in 
these products may be made either, ( 1 ) by phosphorus pentoxide 
under vacuum'"" or, (2) in a vacuum oven (under 100 microns 
pressure) at 50'^ C for 24 to 48 hours under conditions as described,’" 
only the first being approved by the N. I. H. 

The following is the procedure followed for these two methods: 
For use with samples of approximately 1 gm. (the solids from iO 
ml of scrum), low form, flat-bottom weighing bottles (50 mm 
diameter) with well ground stoppers'^ are used. These are pre- 
pared by cleaning in chromic acid solution, followed by thorough 
rinsing with distilled water. The bottles with the lids tilted open 
are then placed in the ovenf for 2 hours under a vacuum at 50". 
The oven is connected directly to a Cenco Hyvac pump. The 
tubing should be short and all connections should be sufficiently 
tight to permit evacuation to 0.1 to 0.2 min of Hg (McLeod gage). 
The bottles with the lids closed are then removed from the oven 
and placed directly in a desiccator to cool. The desiccator should 
contain a large freshly scraped surface of In 1 hour, tempera- 
ture equilibrium is attained and the bottles are removed from the 
desiccator one by one and weighed to 0.1 mg as quickly as possi- 
ble. 

The bottles are now filled quickly with amounts of samples 
believed to be about 1 gm each. The lids must be replaced on the 
bottles with as little delay as possible after transferring the sam- 
ple.®'^ The bottles are reweighed quickly in order to obtain the 
exact weight of the sample. 

* Arthur II. Thomas Company, catalogue No. 9965 or equivalent. 

f Weber vacuum oven. Arthur H. Thomas Company, No. 7886, No. 7888 
or equivalent. 

** It has been found that the moisture content will be increased by as 
much as 1 per cent of the weight of the solids in 1 minute of standing with 
the lid off (relative humidity of 68 per cent). 
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The bottles are then placed iti the desiccator with specially 
scraped PjO,-,. The lids are tilted on the sides. The desiccator is 
evacuated to a pressure of 50 to 100 microns. After two days, it 
is opened and the bottle.s reweighed, carefully closing the lids 
before removal from the desiccator. Thev are then returned to 
the desiccator for another drying period of 24 hours and this is 
continued until constant weight is reached. 

In using the vacuum oven, a similar procedure is followed. 
With the lid.s tilted, the bottles are placed in the \ acuuin o\'en 
regulated to 50‘' i I'’. The lids should not be opened until after 
the bottles are placed in the oven; otherwise drafts may blow 
away small particles of the light and fluffy sample. 11 le Ceuco 
pump is turned on and allowed to nin continuouslv for 22 hours 
with a pressure of 0.1 to 0.2 mm of Hg. A pressure of 0.2 mm 
of Ilg should be reached within an hour or less. 

In 22 hours the pump is shut off and air is slowly admitted to 
the oven. The precaution of admitting dry air into the hot ovcm 
has been found to be unnecessary. The lids are replaced instantlv 
and the bottles removed to the desiccator for c{K)ling. Thev are 
weighed after an hour to 0.1 mg as pieviously. 

By tliis procedure, any detectable errors which might arise 
from atmospheric conditions are avoided, even on days when the 
relative humidity approaches 100 per cent. This method is fully 
satisfactory for carrying out a large number of routine ch^tcTinina- 
tions. 

Penicillin may be an exception in the degree ol low final mois- 
ture required, but the matter is still at issue since no complete 
and convincing data have been published. In the type of con- 
tainer currently being used for penicillin there is some oppoi tunity 
for permeation of water vapor through the rubber stopper, as will 
be discussed in Chapter 5. As a result, over a long period of time, 
particularly when the containers are stored under adverse condi- 
tions of temperature and humidity, there may be some increase in 
the moisture content. This is another reason for drying as com- 
pletely as possible because it provides a greater storage reserve 
for subsequent increase in moistui'e. 

For the best keeping qualities in most foods it is imperative that 
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moisture couteut be reciueecl to l)e]ovv 2 per cent, mid pz-eferabJv 
to 0.5 por cent, regardless of the method of drying; but in carrying 
it out from the frozen state, there is available a means of achieving 
such low moisture content without harming most foods. To achieve 
this low moisture by other means the product must be taken to ex- 
cessive temperature. The general porosity and nature of the prod- 
uct obtained by sublimation make this stable condition readily at- 
tainable. 


Determining the Completion of Drying 
and Temperature of Product 

An important practical consideration in anv program for the 
control of drying is to know just when the proper degree of dry- 
ness has been attained. At the end of desiccation, as dryjiess is 
reached, tlie rate of evaporative cooling decreases markedly. The 
temperature of the product passes O'^C, then approaches and 
finally reaches tlie jacket temperature of the chamber. (When 
using containers on a manifold, ice frost on the outside of the con- 
tainers turns to liquid and then disappears as the product finally 
reaches the temperature of the atmosphere or bath around the 
containers.) A thermometer placed within a bottle and observed 
through a sight-glass in the drying chamber measures this. A 
thermocouple also may be used; although it is nu^re accurate, the 
closer reading is not fully significant because of variations from 
one ampoule to another. A thermocouple has a greater advantage 
where the layer is too thin to permit satisfactory u.se of a ther- 
mometer bulb. With regard to variation.s from ampoule to ampouh', 
uneven heating, variation in thickness of the frozen layer and other 
factors are responsible for such non -uniformity, Allowance in dry- 
ing time must be made for ampoule.s which arc slower in drying 
than the index ampoule. The attainment of the final upper tem- 
perature, as measured by a thermometer, provides a practical index 
of completion of drying. 

When measuring the temperature of plasma in standard trans- 
fusion bottles, a Weston type of metallic stem thermometer may 
he used with success. The entire stem is .surrounded by the 
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"shelled” inaterial. Even toward tlie coj^ipletion of the iirst stage 
of drying when the ice layer has receded to nearly the outer 
periphery of the bottle, there is a complete ice shield from the 
source of heat and the vapors passing through tlu' layer of porous 
diied material aie at a temperature corresponding to the e\’apO)’at- 
ing surface. For this reason the thermometer giv(*.s an accurate 
index of the temperatme of the ice until it is almost completely 
sublimed, after which the thermometer indicates the rise in tem- 
perature of the final di ied product during the second drying stage. 

Similaily, in bulk drying, to he discussed later, when the prod- 
uct is in open pans, the thermometer can be inserted thiough a 
hole in the side of the pan at any level. By placing thermometers 
at different levels, the temperature gradient may be measured. 
Then, when the ice layer is nearly gone (and even before), a 
thermometer in the upper layer of dried matei ial does not reflect 
the temperature of the layer of ice at th(^ bottom because of heat 
radiating downward from the shelf above. Short-stem Weston -type 
thermometers placed in small bottles like those us(ul for penicillin 
reflect in large measure an avei age of Innit radiating from the warm 
drying chamber and the temperature of ice in the bottles. Ther- 
mometers can be used in this way as an imh'x even though they 
do not give accurate tempenatures, 

For accurate temperatures a small thermocouple frozen into 
the bottle is the only satisfactory means. In this case, the thermo- 
couple should be placed at the lowest part of the layer of frozc'ii 
material and adjacent to the container wall in order to he of 
greatest value in indicating completion of drying. Copper-con- 
stantan couples are (juite satisfactory, ice-water being iisc'd for the 
eon.stant- temperature junction . Greaves^ suggests that the cou- 
stant-temperature junction be held at the temperature correspond- 
ing to the highest to which the product is to he taken, in order to 
avoid giving attention to the maintenance of an ice hath. 

Some additional time must be allowed for further drying to 
eliminate the final traces of moisture. This is accomplished by 
maintaining the product for a specified length of time at the above- 
mentioned final maximal temperature, With efficient apparatus, 
15 per cent additional time is usually adequate, but the length of 
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time actually required is also a function of each specific product. 
This relates to its hygroscopicity, the temperature to which the 
stability of the product will permit it to be taken (shorter times 
required at high temperatures ) , and the thickness of layer of prod- 
uct in the container, 

As desiccation proceeds, the pressure in the apparatus will de- 
crease, ultimately reaching that of the residual air in the drying 
chamber. It is controlled by the rate of leakage into the equipment 
and the efficiency of the vacuum pumps. The lower the pressure of 
air, the more sensitive is the index provided by total pressure, 
since the less air there is in the system the greater the portion of the 
total pressure due to the partial pressure of water vapor. De- 
termination of the true total pressure of water vapor in a vacuum 
system is an important matter requiring separate consideration. 

Measuring Water Vapor Pressure 

In spite of the fact that the McLeod gage first appeared in 
1874"' it still remains the basic type of instrument used for measure- 
ment of high vacuum, Since that time, although various modifica- 
tions and improvements have been proposed, all utilize the 
basic principle described by McLeod. This method provides the 
only satisfactory known means for absolute measurement of the ex- 
tremely fine pressures of high vacuum. Technically, the high vac- 
uum range is usually regarded among engineers as applying to 
pressures below 5 or 10 mm Hg and runs on down to the zone of 
microns and fractions thereof. A micron is 0,001 mm Hg and pro- 
vides a convenient term for expression of low pressures. 

A closed-end manometer or a U-tube type of mercury manom- 
eter of sufficient length may be used for measurement of absolute 
pressure, but such a device is limited in sensitivity by the difterenct' 
in the level of mercury which can hv. read. Lenses or other means 
of magnification of reading arc not suitable since there is insuf- 
ficient movement of the mercury with a slight dilfcrencc in pres- 
sure. Inertia of movement under slight pressure differences, to- 
gether with frictional resistance, nullifies use of lever and float 
arrangements for increasing sensitivity. For direct measurement in 
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terms of absolute pressure of merciiiy, therefore, only thv MeI.eod 
type of vacuum gage is suitable. 

thermal electric gagks 

All other gages for measurement of Irigh \ aciumi are based on 
some other propcn-ty in the vacuum system, and accordingly all 
other gages must be calibrated against the McLamd type. Vox ex- 
ample, one type of electrical gage is based on the thermal con- 
ductivity of the residual gases in the \'acuum system. A sourer' of 
heat, such as a hot wire (dement, is used and ('ither a thermocouple 
or resistance thermometer wire is used to measurr' the amount of 
heat transmitted to it. Still ancither type of thermal gage operates 
on the temperature of the hot wire or filanu'nt itself, the tempera- 
ture of this wire being fixed by the rate at which In 'at is carried 
away from it. The temperature of this wire is determined bv change 
in resistance. The Pirani gag(? is of this t^'pe. Hvdrogen and ('ven 
water vapor conduct heat to a greater extent than aii- at [hv same' 
pressure and consequently a gage calibrated for aii' would gi\'e in- 
accurate readings with other gases and v^apors. With Inalrogt'n, th(' 
error would be a high reading in terms of air calil^ration. I k'nce, in 
freeze-drying, a different caliijration would be reipiii'ed at xarioiis 
times during the drying cycle as the proportion of wat(T vapor to 
air changes. It might vary in drying even Iroin one liatcli to an- 
other, as the leakage of air into the equipment is subject to daily 
fluctuation, depending upon how tightly valvrs and doors an' 
closed, the condition of packing, and other factors. 

Furthermor(\ with this type of gage, the surface characteristics 
of the heating wire become altei'ed with age so that recalibration 
against the McLeod gage is necessary fre(piently, even with air 
measurement alone. This gage is .sensiti^'e only in the range of 1 to 
100 microns. At higher vacuum, thermal conductance is too small 
to enable the method to be used and at higher pressures the chaug(' 
in conductance is too small to confer proper sensitivity. 

IONIZATION GAGKS 

All ionization type of gage is also used, hut does not operate at 
pressures above about 0.5 mici'on. lu fact, if the ionization tid^e is 
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not turned off at pressures above this, it will be damaged per- 
manently, so that there is serious limitation in its use. (For a .short 
period, pressures up to 200 microns will cause no damage.) Briefly, 
the principle of the ionization gage makes use of the fact that an 
electron emission current from the hot cathode of the three elec- 
trode vacuum tube will cause ionization of gas molecules in the 
tube by bombardment. These ions flow to a plate maintained at a 
sufficiently high negative potential with respect to the hot cathode. 
Them by means of a meter in the plate circuit, the ion current is 
measured to indicate directly the vacuum in microns. 

MISCELLANEOUS CAGES 

Other types of gage have been designed, such as tho.se depend- 
ing upon a calibrated leak through a fine capillary; or a differential 
bellows by means of which a comparison is obtained against a 
known reference vacuum; or still another type in which a U-tube 
carrying a fluid of specific gravity much less than mercury is used. 
Above this fluid in one arm a known reference vacuum is main- 
tained so that, by difference in level, the exact vacuuzn in the 
system may be determined. With all these gages, a McLeod gage 
must be used either to check the “reference vacuum” or to calibrate 
the scale. 

MCLEOD CAGE 

In spite of the limitations of the gages described, there fre- 
quently are special applications where gages of these kinds are 
well adapted. Unless some special reason (exists, however, the Mc- 
Leod type is always to be preferred since it is the ultimate refer- 
ence standard. The McLeod gage does not require batteries or 
other electrical connections for operation and it is rugged; hence, 
it is used directly for all ordinary vacuum measurements in drying 
by sublimation. Also, the McLeod type may be used over a much 
wider range of vacuum, as from a fraction of a micron up to 5,000 
microns. With other gages a series must he used for such a range, 
each covering a small portion of the total range of interest in 
freeze-drying. Further, in the swivel type of McLeod gage, one has 
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available all of the above-iiientioned acKantages of the McLeod 
type, in combination with portabilitv. 

With the McLeod gage, non-condensable gases other than air. 
such as hydrogen, cause no error in reading but conden.sable 
vapors such as water or alcohols cause serious error unless the gage 
is properly designed and used. For this reason it is imperative to 
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Fig. 2.4. Comparative condensation errors in gages 
of different scale range. 

give careful consideration to a suitable Mclacnd type gage in 
frccze-diying during all portions of the cycle, including that por- 
tion when there is largely water vapor in the system and also at 
the end, when there is neat ly pure air. 

The portable, swivel type'' ’’ ( Fig. 2.4 ) gage is one of the most 
convenient and is widely used, Other forms of McLeod gage are 
bulky and cumbersome and also require large ({uantities of mer- 
cury. Many of them are fragile and may require an auxiliary vac- 
uum for operation. For this reason, in the following discussion, the 
McLeod gage will he discussed in terms of the swivel type, al- 
though the basic principles apply equally well to all forms of 
McLeod gage, 
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Principle of operation. Turning the swivel gage from a 
horizontal position to the vertical position, as illustrated in Fig, 
2.4, cuts off a definite volume V of the rarefied air at the unknown 
lU'essure P of the ^ acuum system, and coinjDiesses it to a smaller 
volume V at a higher piessure p. It will be observed that V is the 
combined volume of the measuring bulb B and the center tube C 
(closed end or measuring capillary). The value of p is equal to the 
difference in level of the mercury in the center tube C and the right 
outside tube compensating capillary. Boyle’s law is used in cali- 
bration of the scale. 

During compression, the pressure to volume relation of Boyle 
applies onlv to noncondensable gases. With condensable vapors 
like that of water, there is much greater contraction since they with- 
stand onh^ a small degree of compression before condensing. Tf 
the pressure p exerted on the vapor trapped in the center tube ex- 
ceeds the condensation pressure (which varies with temperature), 
the wapor condenses. As a result of the greater contraction in 
\'olume in the center tube from this cause, the mercury will rise 
farther than otherwise to indicate a far better vacuum than actually 
exists. There is no simple correction or multiplication factor that 
can take account of this. 

Water Vapor E^ect. 1. Condensation; Higher Pressure 
Range — Compare two gages, as in Fig. 2.4, one having a range of 
0 to 5,000 microns and the other 0 to 700 microns (the gages hav- 
ing about the same scale leiiglli), connected to the same vacuum 
system. With water present, different readings will be obtained, 
but neither will be correct. This is because it is the difference in 
level p of the inr^cury in the two capillaries which sets up the 
pressure resulting in condensation of the moisture. At a tempera- 
ture of 24 the \'apor pressure of water is 22 mm. In other words, 
if the difference in level p of the mercury in the two capillaries is 
22 mm or more, the vapor will be condensed. This point on the 
measuring capillary, corresponding to the difference in level which 
is equal to the vapor pressure, we may call the condensation point. 

In the wide-range gage, reading from 0 to .5,000 microns, the 
condensation ])oint corresponds on the scale to a pressure of about 
100 microns; on the narrow-range gage, to 11 microns as indicated 
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in the drawings. Consequently, if there is largely water vapor in the 
gage, at a pressure of 250 microns, and very little air, sav 2 microns, 
the vapor will condense to liquid (invisibly small in amount) and 
the contraction in volume will cause the mercury to rise in the 
measuring capillary to within 22 mm of tlie top— which corn^- 
sponds to the vapor pressure of the condensed water. 

Comparison of the two gages will thus result in the wide-range 
instrument indicating 100 microns and the narrow-range oii(\ 11 
microns. In this examphy where the total pr(‘ssure of air and water 
vapor combined is 252 microns, it is seen that the total pressure is 
far above 11 microns and even above 1(){) microns. All tlu' opt’rator 
knows, however, is that the pressure of the air alone is not over 11 
microns, because if it were more, it would pre\ent tlu‘ merenrv 
from rising .so high. 

When there is enough air in the systian to vield readings above 
100 microns, the two gages would come into closer, but still not 
exact agreement. Both readings would still be in error. For ex- 
ample, take a case at 24°C, wliere there is JOO microns pressure 
of air and 1,500 microns pressure of water vapor, yielding a total 
pressure of 1,600 microns. With the widci-range scale, p would 
comprise 22 mm of length for the compressed air plus another 22 
mm for the partial pressure of water vapor under compression 
which sets up saturated conditions. Thus 44 mm of scale length 
would indicate a pressure of 450 microns. Similarly, with the nar- 
rower-range scale (0 to TOf) microns), p would comprise 51 mm for 
the air and 22 mm more for water vapor, a total length of 73 mm, 
indicating 200 microns. Both gages would give exactly these same 
fictitious readings in microns with actual pressures even as high as 
5,000 microns, if only 100 microns of this total pressure were due 
to air and the remaining 4,900 to water \'apor. Similarly, with 100 
microns of air and 150 microns of vapor, a total of 250, the wide 
range gage would read about 175 microns and the narrow range 
instrument 200 microns. Drying the gages will correct thc.se errors. 

2. Out gassing; Low Pressure J\ange—At total pressures be- 
low the condensation point, condensation cannot occur and ac- 
curate readings are obtainable. Water vapor coining slowly from 
the glass or mercury in the gage, however, may not be pumped 
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away completely enough to establish equilibrium with the system, 
in which case a fictitiously high reading is obtained, Generally, 
this is at pressures below 10 microns and pressures as low as this 
are normally not encountered in freeze-drying. However, drying 
the gage will correct this error also, Outgassing of non-condensa- 
bles from glass or rubber can be corrected only by pumping suf- 
ficiently long. Furthermore, at very high vacuum, rubber connec- 
tions must be eliminated. 

Condensation Correction. 1. Hot Gage Method — This is 
applicable where the range of operating pressures is such that, at 
some reasonably high temperature, the condensation point will 
exceed all pressures to be encountered. For example, at 38°C, the 
5,000 micron range gage will give true total pressures up to 500 
microns; and at 48‘"C, up to 2,000 microns (the 700 micron range 
gage being correct up to 250 microns ) . At 66°C either gage would 
give true total pressures up to the maximum of its range. This 
method will not always function at the highest vacuum, e.g., where 
moisture from the mercury itself is not pumped away rapidly 
enough; indeed, then eriors of fictitiously high readings due to 
outgassing are magnified. 

2. Air Flush Method — This means is applicable where a 
high capacity vacuum pump is used. A tee tube is placed in the 
line to the gage. By means of a stop-cock or a pinch-cock, the gage 
is closed off from the vacuum system and air is admitted to the 
gage through the tee tube. The gage is then evacuated again to 
flush out most of the water vapor. In about two minutes a reading 
is taken and it will be found higher than the original, before flush- 
ing, in proportion to the amount of water vapor initially present. 
As further readings are taken, however, it will be noted that they 
gradually lower again a.s vapor diffuses back into the gage. When- 
ever a reading close to the true total presstire in the system is de- 
sired, the gage must be flushed. This is not applicable at higher 
vacuum. 

3. Chemical Trap — This is the simplest method of all. A 
glass tube large enough in diameter to cause no undue restriction 
of flow is used. It is filled with a chemical selected on the basis of 
a vapor pressure well below the minimum pressure to be en- 
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countered in the high vacuum system. By suitable selection, chemi- 
cals for vapors other than that of water which cause .similar errors, 
such as alcohol and nil, may be removed. indicator chemical 
may be used so that time for replacement may he determined 
readily. At highest vacuum, say at pressure.s below 0.1 micron, it 
may be necessary to cool the clieinical trap. 

4. breezing Trap — A low-temperature condenser kept cold 
by means of Dry Icc, liquid air, or liquid nitrogen may be used for 
freezing out the moisture at a properly low vapor pressure. The 
necessity for continual supply of the refrigerant and for frequent 
removal of condensate makes this method less convenient, 

The chemical or freezing trap causes true total pressures to be 
indicated even though there is only dry air in the gage at all times. 
This air is present in quantity so that its pressure exactly balances 
the total pressure of water vapor and air in the system on the other 
side of the trap. Even traces of moisture will cause some degree of 
error and new gages (or old ones that have just ])een cleaned) may 
require several days under vacuum, protected bv a moisture tiap, 
for complete removal of moisture in order to insure accurate read- 
ings. Always keep the gage protected and admit only dry air to it. 

Readmgs When McLeod Gage Is Wet Since the wider the 
range of the gage the higher the condensation point, a moist gage 
of wide range can be used up to higher pressures than one of nar- 
row range before errors of condensation arise. A condensable 
vapor trap is recommended to exclude permanently all vapors, the 
chemical type being the most practicable. Using two gages of dif- 
ferent scale range and obtaining identical readings is the best 
means of knowing with certainty that accurate l eading.s are being 
secured. 

With a McLeod gage of the recording type for producing a 
continuous record of vacuum, a piopcr trap for moisture is in- 
dispensable. 

After a given freeze-drying system has been properly designed 
and put into operation and capacities have been established on a 
daily routine, a McLeod gage without a condensable vapor trap 
can be used as an index of the proper operation of vacuum pumps 
and also to show that there is not excessive leakage into the vac- 
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iiiun system. In other words, when the same kind of product is be- 
ing dried daily and there is the same water load at the condenser 
(or other device for removal of water vapor) there is not neces- 
sarily need for knowing the true total pressure. Presumably, drying 
cvcles have been worked out and there may not be any necessity 
for knowing the true total pre.ssiire to determine when drying is 
finished. In such a case, it is entirely suitable to use a McLeod gage 
without a condensable vapor trap. If a mip'or leak develops, the 
gage will register a major change, even if not accurately. 

With the wider range gage mentioned above (having a con- 
densation point at 100 microns on the scale at 24^C), and with 
moisture in the system, any reading of more than 100 microns 
should be interpreted a.s indicating an air pressure about equal to 
the actual reading, or a little less, plus an unknown amount of 
water \^apor (since the water vapor would be condensed in the 
capillary to just a fraction of its ordinary volume). 

Readings near 100 microns (in tlie range ±25 microns or less) 
should be interpreted as indicating an air pressure of not more than 
the reading, plus an unknown amount of Vv^aler vapor. In this case, 
the actual air pressure might be only a few microns and the rest of 
the pressure would then be caiist'd by water \^apor. However, the 
actual amount of water \'apor might be very much more than the 
reading on the gage, since most of the vapor might have condensed 
to a smaller \'olume. 

Readings below the 100 micron point but above 10 microns can 
be interpreted as indicating close to the true total (air and water 
vapor) pres.sure in the sy.stcm. 

The same interpretation applies to iiarrower-range gages (such 
as one reading from zero to 700 microns), but in this case also the 
interpretation would be based on whether the reading is above or 
below the condensation point (11 microns instead of 100 microns). 
'I’hc wider the range of the gage ( as one of zero to 5,000 microns 
as compared to one of zero to 100 microns) the greater the propor- 
tion of water vapor which is permissible before error by condensa- 
tion results. 

In other words, in the above-mentioned example, any major 
leaks in the vacuum system or any fault in the vacuum pump. 
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which would result iii an excessi\'e pressure of air in the system, 
would immediately be reflected in a readiiu^ well above 100 
microns. The operator would know that if the gage reads 100 
microns this is not necessarily the true pressure, particularly dur- 
ing the first stage of drying by sublimation. Howc^ver, he would 
further know that everything is in proper operating condition in 
his plant, and with the gage registering 100 microns, the particular 
batch is off to a good, start in drying without excessi\ e leakage. If 
he obtains a reading of only 500 microns or 1000 microns on the 
gage, he knows that it must be due to air. 

Bradish^' has summarized the freeze-drying work of Grea\'es in 
England. An exception must l:)e taken to one statement of Bradish. 
“The permanent gas (air) partial pressure is observed bv means of 
a McLeod gauge and liquid air trap.” As discussed, this method 
of iisiFig the McT.eod Gage does gi\ e a true reading of tire total 
pressure as proved experimentally. 

Sherwood," ' in experimental work with freeze-drviug penicillin, 
has used an “icy-ball” as a means for determining th(‘ xapor pr(\s- 
sure of water in his experimental “dryer.” A thermocouple was imu- 
bedded in the center of a 9 eu cm block of frozen distilled water 
and the temperature so indicated was used on tlie l^asis of the 
vapor pressure of ice at that tcmpei atui c' to estaldisli the pressure 
of vapor within the chamber. Although Sherwood did not attempt 
to use this method to determine th(' ratio of wat(“r vapor pr("ssur(’ 
to that of non-condeusable gases, this could readily be done by 
use of a McLeod Gage, properly protected with a trap which 
would give total pre.ssuie as dc^scrihod aho\c. Sherwood noted 
that the suspended icy ball vaporized at a very much lower rate 
than did the ice in bottles, d'his would apparently lie due to th(‘ 
fact that the only heat which would reacii the ball would be by 
radiation across the \'acuiim space. 


Drying in Market Containers 

MEDICAL PRODUCTS 

It was as a direct result of the development in 1935' of a 
practical metlrod for drying in the final container that freeze- 
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drying, or lyophilization as it was most commonly called at that 
time, came to be of use in the medical field. Not only was it neces- 
sary to take the old laboratory art of drying in an ice-box and de- 
velop it into a physically workable drying procedure, but it was 
essential to carry out the process with sterility. Most medical prod- 
ucts to which it was of interest and advantage to apply freeze-dry- 
ing are used parenteral ly. Hence the necessity of maintaining rigid 
sterility. The distribution of any bulk-processed material always has 
presented a difficult problem (and still does) where a hygroscopic 
and sterile product must be handled. This is the more important 
since most products after drying are in the form of a cake and must 
be broken vip, then possibly ground and subdivided. In the case of 
grinding protein substances there are the dangers of denatura- 
tion, absorption of moisture, aiid bacterial contamination. Often, 
these products are highly potent and need to be weighed or meas- 
ured accurately. Although penicillin bulk-processing with final 
transfer to market containers was carri(^d out on a limited scale, it 
was soon abandoned by most firms in fa\’or of the method origi- 
nally developed in 1935 for processing in the final container. 
Streptomycin, because of other considerations, is largely bulk-dried 
and subdivided. 

It was stated in 1935" that “This proccdurr' has already proved 
satisfactory for operation on the scale required in the research 
laboratory, on a scale suitable for large hospital and board of 
health uses, and on a semi-industrial scale. There is little doubt 
that it can readily be adapted to full iiidiistiial scale operation. 

“The essential problems that had to be .sohed in developing 
the several models of apparatus to b(‘ described were (a) the 
securing of automatic regulation of temperature during the proc- 
essing of the product in the individual containers in which it is to 
be stored and distributed, (b) the completion of the dehydration 
within reasonable time, (c) the provision of practicable means of 
sealing and severing the containers individually without loss of the 
original vacuum, and (d) the preservation of asepsis throughout 
the process.” 

Temperature control was made automatic by regulating the 
rate of sublimation of water vapor from the product undergoing 
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desiccation. Quoting further from the same source, “Regulation 
of the rate of sublimation is accoiTipli.shed by apparatus which 
satisfies certain critical relationships between the rate of heat in- 
take from the atmosphere at the exterior glass .surface of the con- 
tainers, the rate of heat loss at the evaporating surfaces of the 
product, and the rate of escape of water vapor from the product to 
the condensers. Adequate condensing surface must also he pro- 
vided. The essential. features whicli have established this auto- 
matic regulation of temperature on a sati.sfactory })asi.s are as fol- 
lows: 

a. The product is frozen in containers of proper size and 
shape, in such a way as to give the correct relationship of the 
evaporating surface of the frozen product to the surface adjacent 
to the glass, through which atnio.splieric heat is transhnred to tlie 
frozen solid. 

The product in its containers is brought to a \’ery low 
temperature before attachment to the desiccating apparatus. 

“c. Very rapid attachment of the cemtainers to the manifold of 
the apparatus is provided for. 

“d All connections between the containers and the condensers 
are made with bore large enough to offer a sufficientlv free pas.sagc 
for the escaping water vapor, 

“e. The rapid establishment and maiiitenance of a Ihgh vae- 
imm throughout the apparatus is provided for. 

“Completion of the process within a reasonable time has been 
effected by regulation of the relationship between the above- 
mentioned surfaces of the frozen product and its volume and 
depth.” 

Freezing of the product was carried out with cotton plugs in 
the mouths of the containers. Therefore, with contraction of the 
air in the containers during freezing, air drawn in from the room 
was filtered free of bacteria. The plugs had to be removed for dry- 
ing, but during this step all flow of vapors was outward. At the 
conclusion of the process of drying the containers were sealed un- 
der the original processing vacuum. Accordingly, there was never 
opportunity for bacterial contamination or absorption of water. 




Fig. 2.5. Author’s exhibit of dry-ice type of lyophile apparatus 
which received the award of Honorable Mention at the scientific 
exhibit of the American and Canadian Medical Associations in 
1935 at Atlantic City. The apparatus on the left is a small glass 
miniature laboratory type and the one on the right is the hospital 
size for human sera. Also shown are samples of freeze-dried con- 
valescent serum used at the Children’s Hospital as discussed in 
Chapters 1 and 3. 

Furthermore, during drying itself, the containers were placed on a 
manifold in .such a fashion as to permit no solid matter to fall into 
them by gravity. In most types of equipment used today many of 
these princi]des are still utilized.* 

With respect to medical products, tliere is generally an aversion 
to the appearance of any product which has “puffed” during dry- 
ing. This situation undoubtedly has arisen from the fact that in 
many products such an appearance is a sign that deterioration 
may have occurred, particularly if they arc proteins. Mortality of 

* Practical lyophile Dry Icc apparatus of this type was dciuonstrated by 
the author at the meeting oE the Society of American Bacteriologist.s in De- 
cember 1934,^ at the Atlantic City meeting of the American and Canadian 
Medical Associations in 1935 where the scientific exhibit illustrated in Figure 
2.5 received the award of Honorable Mention, at the meeting of the Ameri- 
can Public Health Association in 1935, and of the Second International Mi- 
cmbiological Congress in London in 1936.”^ The cryochem machine illus- 
trated in Figure 2,6 subsequently was shipped to Africa for work with 
Rinderpest as discussed in Chapter 3 in 1938. 
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viruses and bacteria is particiilarlv high ii such a condition exists. 
Accordingly, a high standard of appearance is roctignized as a 
physical index of proper drying. In the case of certain products 
such a situation would be of no consequence, but e\’on so, the same 
high standard is maintained for all products. Further, the amoimt 



F/g. 2.6. First manifold type of Cryochem machine 
using 0 regenerable chemical desiccant and with 
built-in electrically heated regenerator. The appara- 
tus is of the manifold type and has been operating 
for ten years successfully in Africa In connection with 
Rinderpest as discussed in Chapter 3. 

of “puffing” which can occur in an ampoule' is highly critical, since 
if it exceeds a certain degree, the product will expand out of the 
container and proper drying cannot be controlled. Therefore, it is 
preferable to prevent all puffing when drying in final containers. 


Bulk Drying 

For many purpose, s, even for medical products, it is desirable 
not to dry in final ampoules. This applies when carrying out desic- 
cation as a step in general processing in which the product is not 
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Stored or distributed in dried form, Examples of this are frac- 
tionated products of blood plasma such as serum albumin. During 
the war serum albumin was dried from the frozen state because it 
was the most practical means of assuring elimination of all final 
traces of alcohol used in its preparation without harm to the pro- 
tein. On the other hand, it was not necessary to obtain extremely 
low content of residual moisture since the product was stable in 
solution and hence better adapted for distribution in solution. 
After drying it was dissolved and bacteriologically filtered so that 
it was readily sterilized. There are other medical products for 
which similar reasons exist for drying in bulk. 

Similarly, but for other reasons, many labile medical products 
may be concentrated in this fashion. In these cases special stain- 
less steel sterility pans, with lids designed to keep out micro- 
organisms during drying, or large glass bottles may be used. If 
bottles are used, they may be placed either on a manifold or 
within heated vacuum chambers. Penicillin is dried by some manu- 
facturers in bulk with aseptic distribution by weighing the dry 
powder into final ampoules, Here it is necessary to carry out 
weighing and filling into ampoules in special cubicles or hoods 
which are fed with air of relative humidity preferably maintained 
as low as 1 per cent and arranged for maintaining complete 
sterility. This is done by using filtered air, installing ultraviolet 
lights, and by covering the front of the hood with aprons having 
scaled-in sleeves for the operator’s hands. In this way, the operator 
is out of all direct contact with the interior of the cubicle. This 
procedure has met with disfavor in some quarters because of 
greater technical difficulty of being assured of sterile manipulation. 
If there is contamination when products are distributed into final 
containers as a liquid, there is greater likelihood that a sample 
bottle, or bottles picked at random, will be representative because 
of greater uniformity of mixing than is the case when products 
are distributed in solid form. Apparently either method can be 
used; bulk drying is more difficult but lower in cost if properly 
set up on a large scale. 

For many industrial products, bulk drying is the only manner 
in which they may conceivably be handled economically. Aside 
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from the matter of easier handling, other advantages accrue from 
drying in bulk. Heating of the product is more readily controlled, 
particularly at a rapid rate. Tn drying continuously in thin films 
lowest cost is realizable. A further advantage is that when drying 
in bulk it is possible to permit a greater degree of "puffing" of 
plastic solid material and still maintain proper control without luu’- 
ing the product get out of hand. In a word, bulk drying should 
always be used whefe the nature of the product will permit it; 
indeed it is a “must" with low-cost products such as foods. 

When drying in bulk the products may be in direct contact 
with heated surfaces on the other side of which heat- (Exchange 
fluid is circulated. This direct contact permits greatest efficiency 
in the transfer of heat because of the minimum number of surfaces 
involved through which the heat must pass and also because of 
greater uniformity. Alternatively, but less efficientlv, radiant heat 
may be carried directly down to evaporating surfaces, If separate 
pans are used, uneven transfer of heat may occur, this being 
greatest at points of best contact of (he pan with the shelf. The 
result is either overheating or retardation of drying rate. 
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CHAPTER 3: APPLICATIONS 


Medical Products 

CONVALESCENT HUMAN SERUM 

The first application ol free/e-drying on a production scale was 
the preservation of convalescent human sera.‘ Back in 1933 it was 
recognized that scrum prepared at the close of one epidemic, par- 
ticularly in the case of children’s diseases, might lia\'e much to 
offer in the prevention and control of further epidemics in sub- 
sequent years. The probhau of the deterioration of tli(‘ sen’a liad 
always been a major deterrent to intensixe investigation ol tluM'r 
use. The possible value freeze-drying might have with tiu'se sera 
was the motivating stimulus which resulted in the development oi 
a workable freeze-drying procedure which could bi^ a[ipli(al to 
human products, with necessary sterility being maintained during 
drving for parenteral use.' 

By 1935, when the method appeared in scientific publication, 
sufficient favorable experience bad bec'u accumulat('d with th(* 
dried products, prepared during the de\a'!opinent, to thoroughly 
justify the efforts spent. Those sera were collected in, and dis- 
tributed from, the Philadelphia Serum Exchange.* ' Processing and 
drying of all the first sera was carried out by the author in th(‘ 
Bacteriological Department of the School of Medicine, University 
of Pennsylvania, The dried sera were used Irotb for prevention and 
for treatment in clinical trials. All the sera distributed by the 
Philadelphia Serum Exchange since 1933 haxe been in lyophile 
form. The Philadelphia Serum Exchange, indeed, owes its origin 
and continuance to the successful development of freeze-drying 
69 
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as applied to such human products. Convalescent measles, scarlet 
fever, chicken pox and mumps sera and pooled normal adult sera 
had been administered by early 1935 in “lyophile” form to a total 
of more than 600 persons. It was felt at that time that the distinc- 
tive advantage of lyophile sera was demonstrated for such work 
because it could be harvested at the optimum time and ii.sed when 
and where needed. It was pointed out^ that if the sera in question 
are especially perishable, as in the case of' pooled normal adult 
sera, or are only occasionally needed, the method of preservation 
could make all the difference between practicability and impracti- 
cability in the use of serum. It was also felt that the method of 
preservation could be a powerful aid in the utilization and further- 
investigation of the values of sera and other products from human 
sources for many purposes. 

Also, convalescent sera were preserved from epidemics whose 
etiology and nosology -were still under investigation. Convalescent 
sera from epidemics of influenza in Philadelphia and in Alaska^ 
were collected and preserved for distribution to various parallel 
investigators for cross-protection tests. 

More recently, McGuinness, Stokes and Armstrong have re- 
ported on the results of an eight-year study of human sera used, 
after freeze-drying, in the prevention and treatment of certain com- 
mon communicable diseases,^ These vacuum-dried sera, it was 
found, could be given successfully either by intravenous or by 
intramuscular injection. It was noted that the former is just as 
innocuous as intravenous injection of the same serum prepared in 
the liquid state. Originally, febrile and shock-type reactions had 
been observed occasionally following intravenous injection. This 
may well have been due to the lack of proper precaution in the 
preparation of glassware and in failure to carry out other steps to 
avoid pyrogenic contamination. Although pyrogens were recog- 
nized before 1935, the extent to which they could he re.sponsible 
for such reactions was not as generally and fully appreciated as it 
is today. None of the early products were tested in rabbits for 
pyrogen. 

McGuinness, Stokes and Armstrong customarily dissolved the 
powdered residue from each 10 cc of serum in 4 cc of sterile and 
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pyrogen-frce distilled water. This represented a large decrease in 
the bulk of material to be injected. Of course tlie scrum may be 
restored to its original volume for intra\enous injection if de- 
sired. 

Preservatives are unnecessary in the dry serum, but it has 
become customary to add some such agent as mcrthiolate as a 
precaution for when the product is not dry. d'liis minimizes the 
danger of contamination by the physician after restoration of the 
dry product to the liquid state, this being the step least subject to 
careful routine control and check. Accidental transfer of syphilis 
is not possibk'. In addition to the fact that all blood programs for 
cither serum or plasma require testing according to the tc'chniqiic 
of Wasserman, Kahn, or the like, and only negative blood is used, 
Spirochaeta pallida do not survive freeze-drving. This is discussed 
more fully later in this chapter in connection with the pr('sci \'ation 
of cultures of bacteria, viruses, etc. 

Dry normal adult scrum in pools containing the blood of a 
minimum of 50 individuals has been Ion nd lo he particularly inter- 
esting because convalescent serum is more diffieult to obtain in 
sufficiently large quantity to be of general practical value. The 
use of large pools of normal serum pro\ icles a pioduct which is 
uniform from pool to pool. Although larger dcjses ai(^ rc'quircd 
when pooled adult serum is employed, this disadvantage is largely 
offset when using dried products whicTi can In' concentrated to 
less than one-half the original volume when restored lor use*. 
Human sera dried by sublimation gave satisfactory results, as were' 
reported from the eight-year study just inentiom^d, in passive' im- 
munization against measles, scarlet fever and whooping-cough; 
in the case of the latter two, in treatment as well. Measles is caused 
by a virus. After a virus has become established within l)ody cedis 
and the disease is in progress, serum treatment fails, since' it docs 
not reach the proper site to combat the infectious agent. Neither 
liquid nor dry serum has been found effective cither in passive 
immunization or treatment of chicken-pox. Witli mumps the data 
are insufficient to be conclusive, but they suggest that serum may 
be of value in prophylaxis, T he major conclusion is that vacuum- 
dried sera may be stored over long periods of time, and ad- 
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ministrated in concentrated form, and that the clinical results are 
comparable with those obtained with fresh liquid sera. 

Another interesting applieation is the drying of human hy- 
perimmune serum. This has been most widely employed for 
whooping-cough. Such serum may be prepared and titrated ac- 
cordintT to the method described bv Flosdorf, McGuinness, Kim- 
ball and Armstrong. ' The serum is obtained from the blood of 
individuals who are known to have had pertussis in childhood and 
who, in addition, have received repeated injections of pertussis 
vaccine. This produces a high agglutination titer, McGuinness, 
Armstrong and Felton emjrloyed such hyperimmune serum in the 
immunization of 308 infants and children subsequent to their ex- 
posure to whooping-cough and in the treatment of 442 patients 
with whooping-cough following the onset of paroxysms.® They re- 
port that the serum was of considerable value both in prevention 
and in treatment of the disease, 

HU\rAN BLOOD PLASMA AND NORMAL SERUM 

Plasma is the liquid part of the blood and differs from serum 
mostly in the method of piepa ration. In both cases, the red cells, 
as well as the white, are removed. In preparing serum, this is ae- 
complished by allowing the blood to clot. In order to obtain the 
best yield of serum, the clotted blood is usually centriluged and 
the liquid part free of cells is siphoned tiff. To prepare plasma, 
“citrate solution” or another suitable reagent is used when colleet- 
ing the blood to prevent clotting. Centrifuging is then nst^d for 
sedimentation of the cells and the supernatant liquid is removed. 

Accordingly, since clotting has been prevented in plasma it 
contains fibrinogen and thrombin. Also, the complement fraction 
will bc^ preserved for a somewhat longer time in stored liquid 
plasma than in liquid serum since citrate has some preservative 
effect on complement. 

The relative merits of plasma versus serum have been widely 
debated. Serum has the advantage of greater ease in the collection 
of the blood initially and in preparation of the final product. Less 
expensive equipment is required, particularly since centrifugation 
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does not need to be at as high a speed or as long. On the other 
hand, the proponents of plasma point out that there are additional 
components present in plasma. There is some C|ucstion wln^ther 
these are of value for a large majorit)' of the purposes for whicli 
blood or serum transfusions may be gi\’cn. The fact is that hath 
human blood serum and human blood plasma weri' used with 
success during the past war. In the United States, plasma was 
used exclusively. In Canada, serum was used e.\cliisi\’elv and in 
Great Britain both were used, with reported ecpial results. An ex- 
cellent review by Greaves' describes the production, for trans- 
fusion, of human serum and plasma in England during the war. 

Either blood serum or blood plasma may be dried snccc'ssfnllv 
from the frozen state. Around 1935, at the time that work was hid- 
ing carried on with convalescent human sei nni, human blood plasma 
was dried by the author successfully for the first time.' As a result 
of this deyelopment in drying from the final contaima s, di ving bv 
sublimation rapidly was applied as a major researcli tool in many 
laboratories on various medical research projc'cts. Among these 
was the use of normal human seriun and plasma for triaitnumt of 
hemorrhage, secondary shock, and bun is, ^ To this twtciit, ch'vcdop- 
meiit of drying by sublimation represents oiu' of tlu‘ thria' major 
streams'' of investigation that gave rise to the blood plasma pro- 
gram of the American Red Cross. One of the other streams of in- 
vestigation was that involving the laboratory study of tlie mecha- 
nism of secondary shock re.siiltiug from heinonhage, trauma, 
toxemia, and burns. This inve,stigati()n indicated that the major 
factor is one of a reduction of the volume of blood Ix'low the 
minimal capacity of the vascular system. The third stixsini of in- 
vestigation was one of accumulation of clinical experience with the 
administration of liquid human plasma and serum as a substitute 
for whole blood in treatment of secondary shock and allied condi- 
tions. It was even found that in certain cases, for exjimple, where 
there is shock without hemoi-rhage, blood plasma is superior to 
whole blood since it is onlv the liquid part of blood and not red 
cells which is lost from circulation. Tlie confliience of these three 
streams of investigation resulted in an extensive progiam for tak- 
ing dry and stable blood plasma to the battlefield and resulted 
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itj an eiiornioib reduction in fatalities among our war casualties. 
Dried plasma is stable for years without refrigeration and is in- 
stantly a\ailable (within 5 minutes) for transfusion. Typing is not 

required'. 

It may be stated definitely that the extended program of blood 
plasma and serum hi the United States and other countries had its 
origin in and came about as a direct outgrowth of the early work 
and development of dried human convalesce^it serum for use with 
children’s diseases.' The sequence of steps in expanding the medi- 
cal application of dried human blood serum and plasma from this 
point on has been well set forth by Freeman and Wallace/" by 
Mahoney,” and by Taylor.'" Before 1941, of course, it was well 
recognized that blood plasma or serum in a stable form had many 
advantages for emergency use.”* The subsequent development in 
use of dry blood plasma for transfusion as an outgrowth of the 
work with other freeze-dried human blood products' was as fol- 
lows: In 1936, Hughes, Mudd and Strecker””" were the first to re- 
port the use of concentrated solutions of human blood serum in 
the treatment of eases of increased intracranial pressure and shock. 
These authors pointed out that the great therapeutic value of dried 
human blood serum for reducing intracranial pressure and for 
shock was that it could be given in concenti'ated form for its de- 
Iwdrating effect, and that even where concentration is not needed 
it could be more immediately available than either liquid serum 
or whole blood, and also that it could be given without regard to 
blood type. 

Bond and Wright,”' following this clinical report, began inves- 
tigating the effectiveness of concentrated serum in the treatment 
of experimental shock in animals. Their experimental findings 
established that scrum, concentrated four times, was very effec- 
tive ill restoring blood pressure to normal in animals which had 
been previously in a state of experimental shock. Consideration of 
the important subsequent experimental and clinical literature is 
beyond the scope of this book. This use of serum, regenerated 
from the dry state, helped also to bring to the attention of clinicians 
the fact that fresh undried serum and plasma had a wide useful- 
ness, a fact that had been previously pointed out in scientific 
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literature but had been largely neglected in clinical medicine. 

It is now well known that normal luiinan plasma inas' be stored 
as a liquid for a period of many inonth.s. The ojnimal temperature 
of such storage is uhout that of the toojii onci doI lowif. At lowct 

temperatures, precipitation occurs. The clanger of such mi'thod of 
storage by way of gross bacterial confaiiiination constitutes a seri- 
ous hazard. Also, labile components in the plasma are lost. Lozner. 
Leinish, Campbell and Newhouser have pointed out that ac- 
cidental contaminants during preparation ma\' multipU^ to dan- 
gerous proportions during preservation as a licpiid for own short 
periods. They further emphasized that after a few months, litjuid 
plasma is adequate as a human colloid only. 1 he licpiid plasma Ix'- 
comes devoid of blood coagulation factors, complementary ac- 
tivity, and probably many antibodies. It should not be admin Istert'd 
to patients with either hemorrhagic diatheses or infections, who 
require these components specifically. The use of the product 
should be subject to the same precautions ri'garding exei's.sive 
dosage as is human serum albumin.'' 

Plasma may also be stored in frozen form, this recpiiring hvss 
expensive equipment than for freeze-drying. The product is wa'll 
preserved. Disadvantage lies in the fact that freezing chambers an' 
necessary for storage and distribution. Also, melting of the product 
requires 5 to 10 times as long as restoration of thi’ dry product with 
water. On the other hand, because of the lower cost in institutions 
where large quantities are used, frozen blood plasma finds (ex- 
tended usefulness. Based on predicted daily consumption, plasma 
is thawed every morning as a matter of routine. For reserve and 
for Special emergencies, dry plasma fre(juent1v is used to suj^ple- 
ment frozen plasma, 

R. deRohan Barondes^’^ reported that while assigned to a pris- 
oner of war camp he administered freeze-dried blood plasma orally 
and observed that it exerted beneficial ellects on such gastroin- 
testinal disorders as hyperchlorhydria, gastritis, enteritis, ulcerous 
and malignant processes and diarrheas. The plasma acts as a buffer 
for gastric acidity, exerts a soothing influence on inflamed and 
diseased tissues, is a fibrinogenic agent through its plasma globulin 
content, aids tissue regeneration and possesses antitoxic and anti- 
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biotic properties. In addition, it aids in the capacity to fabricui,- 
antibodies and increases resistance to infection. The dried plasma 
i.s well tolerated when mixed with palatable cool mixtures. \h\ 
fluids are not used as excipients because coagulation of the plasm n 
occurs, with loss in its thcrnpentic properties. An e.YceiIcnt ag(‘n! 
for incorporation with the dried plasma is apple powder, which is 
likewise a valuable agent in treatment ol gastrointestinal disorders. 
Plasma is superior to amino acids and protein hydrolyzate.s in 
quickly combating hvpoproteinemia. maintaining nitrogen balance' 
and restoring the electrolyte equilibrium. This would he especiallv 
so in the presence of a se\'erelv damaged Viwr. both fresh egg- 
wliitc and freeze-dried eggwliiti' ai(' e{fecti\(' also, ameliorating 
the symptoms of gastrointestinal disorders, hose desiccated prod- 
ucts can be prescribed in enteric-coated cajxsules or mixed with 
cool fluids. 

FRACTIONS PREPARED F R O M PLASMA 

Various fractions of human scniin prepared by Dr. Harry Eagle 
were dried successfully a good many years ago bv the author.' 
Serum albumin, .serum pseudoglobulin and euglobulin, as well as 
such labile substances as fibrinogen and prothrombin were found 
to retain their solubility and biological activity for a year or longer. 

In preparing fibrinogen and prothrombin it was noted that the 
dried material, on resolution, was often distinctly more alkaline 
than the original preparation, presumably because of loss of carbon 
dioxide during dehydration. In some cas(\s this alkalescence was 
sufficient to inactivate the product mile.ss due precaution was taken 
either to buffer the original solution strongly, or to acidify it 
slightly just before processing. Dr. Eagle also observed this con- 
dition in guinea-pig complement and antisera from various sources 
which had been dried; however, the alkaline shift was apparently 
insufficient to affect biological activity. Lens protein, serum al- 
bumin and highly purified egg albumin also were dried and were 
found to maintain all their native characteristics for a period of 
years. 

More recently, freeze-drying has been applied extensively to 
fractions prepared from plasma collected by the American Red 
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Cross during the past war. and his co-workers succeeded 

in preparing various components of blood in a high degree of pu- 
rity so that they might be used for many specialized purposes. For 
example, serum albumin in high concentration could be used in- 
stead of whole blood plasma for osmotic effects, etc. The main ad- 
vantage in the use of serum albumin during the war was for the 
benefit of landing parties where small bulk was important. The 
product is stable in soltition, which fact contributed to ease in ad- 
ministration. However, as this method of preparation im olves the 
use of alcohol, it was found that the most practical means of re- 
moving alcohol completely and with certainty was to drv the prod- 
uct from the frozen state. Tn this case, extrcnK'ly low final moi.stiiix' 
was of course unnecessary because the ])rodnt“f wa.s tluaj redi.s- 
solved for distribution. With respect to certain other fractions, such 
as thrombin and fibrin foam, the final product is dried from the 
frozen state for distribution. Globulin is not distributed in freeze- 
dried form. 

Cohn state.s-' that he lias prepared fractions which an^ wat(M'- 
solulih’ containing over 50 per cent lipid. The lability is far greatc'r 
than that of album in or gamma globulins, of fibril logtai, nr o( 
thrombin. Cohn found that when frc'ezc-dried, somc^ but not all 
were denatured. The cloudiness of the resiispeiuh'd dry plasma he 
believes may be attributable to these substances, The'se products 
require further study, since knowledge of the clieinistry and the 
functions of the lipid proteins has just begun to lie acrpiiTed. 

As indicated above, Cohn made ext{msi^x' use of frravx'-drying 
in the de^■elopmeIlt of his system of fractionation. H(' avoided salt- 
ing out, which is the classical procedure for separation of protein.s, 
and in this way eliminated dialysis, Deptmding upon the relative 
solubility of various blood derivative.s under conditions of varying 
salt content, pH and temperature, especially using relatively low 
temperature (0 to — lO^C) as well as other means, the proteins are 
precipitated. By varying these conditions in proper secpience, sep- 
aration into different fractions is accomplished.”" Many of these 
fractions are then dried from the frozen state to yield stable puri- 
fied products which can be rcdissolved at any concentration in the 
appropriate diluent. 
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OTHER SUBSTITUTES FOR PLASMA 

Koop" reports that, of the plasma substitutes studied exten- 
sively during the recent war years, only human serum albumin 
and gelatin solutions seem to be both safe and effective on the 
basis of reports available at this time. Human serum albumin dep- 
rived from plasma itself, is not, strictly speaking, a substitute. Gel- 
atin, in addition to being safe and effective, is also cheap, and 
when fortified with amino acids or protein hydrolyzates it is a 
readily available source of parenteral protein. As was pointed out 
in Chapter 2, freeze-dried gelatin has excellent solubility at around 
room temperature, which means that this lends itself to use under 
aseptic conditions just as well as hlood plasma. Also, amino acids 
or protein hydrolyzates may be freeze-dried and are available com- 
mercially. 

The polysaccharide, gum acacia, was used in World War L It 
was found later, however, that its antigenicity and toxicity ren- 
dered it unsuitable. It has a particular tendency to produce liver 
disfunction and hypoproteinemia.“^ 

Bovine albumin has been prepared by fractionation using 
Cohn’s method, just as with the human substance; freeze-drying 
has also been used in similar fashion. However, it is necessary to 
separate the globulin fraction completely; otherwise, alarming re- 
actions are produced upon intravenous injection into other spe- 
cies.'" When it is properly prepared, a low reaction rate is ob- 
tained, but even so a iion-bacterial chill-producing substance has 
apparently not been separated from the albumin. Reactions with 
the purified albumin include urticaria, diarrhea, fever, nausea, vom- 
iting and chill. Further, since bovine albumin is a potent antigen, 
there is a possibility of subsequent cross-reaction upon eating beef 
products. 

Koop'' reports that pectin as a substitute for plasma is inferior 
to scrum, less safe than gelatin, and no better than saline in post- 
hemorrhagic prolonged hypotension. Methyl cellulose and poly- 
vinal alcohol have been used, but not widely. Although they are 
effective in shock in animals and are not antigenic, they show ex- 
cessive storage in the viscera. Koop also reports that hemoglobiiL 



APPLICATIONS • 79 


when given intravenously to animals, elicits untoward reactions, 
such as the blockage of renal tubular lumina by heinoglobinous 
pigments. This can be eliminated by impro\’ed methods of prepa- 
ration. Globin prepared from erythrocytes has been us(xl; in Koop’.s 
review it is stated that in certain conditions satisfactory results an; 
obtained. However, work with dog globin indicated that the sub- 
stance is less effective than saline. 

When using gelatin 'there is a choice in the raw material to be 
used. The viscosity, gel strength, modulus of rigidity and temper- 
ature of solidification are directly proportional to the si/(' ol the 
molecular chain, whereas the fluidity and nu'lting point are in- 
versely proportional to molecular chain si/c."“ .Ml the molecules 
give rise to a higher osmotic pressure, but are retained lor a 
shorter period in the cii’culation. Gc'latiii is the only plasma sub- 
stitute originating elsewhere than in blood, whieli is protein. How- 
ever, it is an incomplete protein and is non-anti genie. 

ANTITOXINS AND OTHER ANTISERA 

The same advantages that accrue to human st'ra may b(^ gained 
bv drying animal sera. In many instances, tin' licpiid animal prod- 
ucts are relatively more .stable than the licpiid human products dis- 
cussed. However, with storage under unfavorable conditions, say 
at 30 to 40°C, the liquid sera may lose potency rapidly. For ex- 
ample, liquid diphtherial antitoxin, ecjuine, will lose all detectable 
potency upon storage; for six months at 3/ C. In the dry product no 
detectable loss begins to appear for three years. 

It is usual practice in the biological field for stocks of horse sera 
and other similar products to be kept on hand in bulk quantitie's to 
be available rapidly in time of di.saster and other ('inergencies. The 
major amounts of such supplies are sten'ed in bulk foi various 
reasons. One important reason is that this practice permits final 
assay of such products to be made as dispensed immediately prioi 
to time of shipment. Furthermore, the demands in respect to size 
and type of package arc not always known in advanc<’, 

Lyophilization in bulk aftoids a convenient means of cai lying 
large stocks with minimum losses. At the time of final dispensing, 
the products are restored and, in the case of serum, filtration is 



80 * F R E E Z E - D R Y 1 N G 

carried out The liquid is then packaged in the usual fashion ant 
either distributed as a Ikiiiid ov again lyogblUzed, There is one 
possible disadvaiitage which off-hand is not so obvious. Some 
products, such as certain antitoxins, undergo initially a loss of 
potency and then reach what might be considered a standard or 
“steady” state. At this level, potency is fairly stable for a period of 
time. There is some advantage in allowing this initial loss down 
to the steady state to take place during 'bulk storage of liquid. 
Then, when the product is finally dispensed, the assayed potency 
as appears on the label will be maintained for a longer time. Ac- 
c(jrdingly, the advisability of freeze-drying reserve quantities of 
material in bulk is a matter requiring consideration of all the 
various factors and conditions for a given product. 

As will be discussed in Chapter 4, certain sera develop turbidity 
upon reconstitution. This condition comes about as a result of 
lipoidal substances that are present. With human serum and plasma 
this is particularly pronounced, especially if blood is obtained from 
a non -fa sting donor. Lyo phobic sols do not reconstitute well, even 
in the presence of protein. This condition also occurs to a lesser 
degree with rabbit serum. It is not noticeable in horse serum. 

The turbidity which occurs in human and rabbit sera causes 
difficulty in carrying out precipitative reactions, as with rabbit- 
precipitin. It has been a drawback to the use of dry standardized 
syphilitic human serums for calibration and standardization of 
diagnostic test procedures. Such standard sera could facilitate com- 
parison of test results from dilferent laboratories. The difficultv 
with lipoids may be overcome by drying twice with intermediate 
Seitz-filtration.^'^'"^ At the time of filtration of the reconstituted 
serum following the primary drying, the titer of the serum may be 
adjusted by dilution to a desired point. It is then dried for the 
second time. Accordingly, the final dry product has a predeter- 
mined definite titer and is stable. 

CONCENl’H ATEl) GLOUULTNS AND OTHEE 

PROTEINS 

As indicated, egg albumin, lens protein and many other prod- 
ucts which ordinarily are considered difficult to handle without 
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alteration may be successfully dried from the frozen state. The 

variety and types of proteins studied mv quite extensive, and there 
is no need to consider them all Suffice it to say that proteins are 
particularly well adapted to freeze-diying. The ])or()sitv and 
friability of the dehydrated material make it |■(^sponsi\e to rapid 
and thorough extraction with ether, petroleum ether, alcohol and 
similar lipoid solids. Dona tu ration of the proteins on such extrac- 
tion is greatly reduced ^s compared with extraction in solution. 

It has been the established practice in the biological industry 
to .separate the globulin fraction of immiiue horse sena. The anti- 
bodies are largely contained in this fraction and hv separation it is 
possible to effect a high degree of coneeiitration. This is (lesira])le 
to reduce the volume to be injected and also to reduee the amount 
of unnecessary foreign protein to as great an extent as possil)le. 
This is most important with animal sera, to axoid alhugie ixxiction 
to protein of foreign species, with possible fatal anaplivlactic 
shock. 

Such globulin fractions can be dried success! ully from th(' 
frozen state. There is no loss in activity during drying and potemev 
is well maintained in storage even at elex^ated t(Mnp(Matnr('s. Con- 
centrated globulin preparations, however, restore' \ery slowly at 
time of reconstitution for injection. Instead of being a matter of a 
few minutes, in some cases the time may be extended to as much 
as one-half hour. However, there are products such as snake anti- 
\enom in which the globulin cannot be properly pix'seu ve'd in the 
licpiid state. This is particularly true in hot deserts and in the 
tropics. Carrying liquid products foi days, often with (‘xposure to 
hot sun, results iii early spoilage. For this reason, even though some 
additional time is required for jcconstitution, tlu' usi' of freeze- 
drviiig is justified in that the product may be had wlu're needed 
and where it would be unavailable otherwise, l.ahiri,"' xvho lias 
worked with Major General Sir Sahib Singh Sokhey of Bombay, 
India, and with Doctor K, Ganapatliy and Mr. M. K. Habbii, re- 
ports that the low solubility of the salted out immune globulins 
.seems to be due to the lipid containing proteins, which aie sepa- 
rated in the same fraction. As Cohn et al have pointed out {loc. 
cit.) these lipoproteins are altered during freeze-drying this frac- 
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tion. The immune globulins are also precipitated out as part of 
fractions II and 111 of the Cohn et al. procedure {he. cit.) by ethyl 
alcohol at controlled pH, ionic strength, temperature and protein 
concentration as discussed elsewhere in this chapter. Lahiri states 
that for this reason the alcohol precipitated immune globulin frac- 
tion if not further purified by sub-fractionation would possess the 
same difficulty of freeze-drying as the salted out immune globulin 
fraction. Lahiri points out that immune globulins must be .separated 
as a major fraction to facilitate economical large-scale processing. 
To overcome the problem, Lahiri found that the bile salts, sodium 
taurocholate and sodium glycocholate do not precipitate the pro- 
teins and they do impro^^e the solubility of the freeze-dried prod- 
net. The two salts are equally effective. The salt must he added 
and intimately mixed with the serum before drying, adding it to 
the dried serum not being the slightest bit effective. It is preferable 
to add the bile salt two to three days before drying. 

Lahiri used anti -snake -venom serum which was fractionated in 
small lots and cooled afterward. The pH was adjusted to 7.2 and 
it was made isotonic. After clarification, the serum in 6-liter 
amounts in 9-liter bottles was cooled at 0*^ and 6 grams of sodium 
taurocholate was added to each bottle. After gentle agitation and 
mixing, the scrum was stored at 0*^0 for two days and then was ex- 
tracted by 2 liters of ether at 0°C for each bottle. For extraction, 
the bottles were shaken vigorously. Ether was then separated by 
decantation and ceiUrifugalioii for 15 minutes at 2,000 RPM at 
about 30 ^C. Three layers are obtained, the top consisting of ex- 
cess ether, the intermediate of extracted and condensed lipids of 
white color and the bottom layer of clear sera. Then they separated 
the sera by siphoning, and this was pooled in 9-liter bottles and 
the dissolved ether removed by means of an air jet blown over the 
surface of the serum at room temperature. After removal of the 
ether, one gram of sodium taurocholate was added per liter of 
scrum and intimately mixed. Two days later, a few samples were 
distributed in 10 ml. containers and frccze-dricd as usual. After 
freeze-drying, the product was tested again for solubility. It was 
found that sometimes further extractions were required, but never 
more than a total of four. Serum which required fewer than four 
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extractions generally required 0.1 per cent bile .salt In show satis- 
factory solubility but if the seniin was extracted four times, no ad- 
ditional bile .salt was added. 

Lahiri states that in spite of all of this treatment, the product 
did not show any loss in potency and its safet\’ for iis(' in man w^as 
not impaired in spite of the bile salt which wa.s add('d. The final 
product was better than the original in that it was less \ i scons and 
presented a crystal-clea)' appearance. 

In summary, extraction of lipids with ether in the pia'sr'iiec’ of 
bile salt improved solubility without any loss of the iminuiK' bodies 
and without making the product unsafe for use in man. Neither 
the extraction of lipids alone, nor the addition of tire bile salt alone, 
was enough to improve the .solubility of dried product to tlie de- 
sired extent. 

Major General S. S. Sokhey has done much to extend and applv 
iR'cze-drying eifectivelv to anti-venoms for .snakes of India, in tin* 
United States such preparations are a vail aide coinmcn'eialU' for 
snakes of the western hemisphere. 

(; U I N E A - P I G C 0 M P L E M E N T 

The complementai'y aetivitv of guinea-pig sr'nnn affords a 
sensitive index to the effectiveness of drving. The duration of its 
potency is extended from a matter of a day or k'ss in the lirjuid 
state to five years or more in the drv stati\ storage' b(‘ing at about 
+5°C in both cases. In Fig. 3,1 i,s given a .summary of data ob- 
tained from tests carried out over a period of fi\'e years. 

In the preparation of guinea-pig complement, it is important to 
use the best of practice in handling the serum Ixffore drying. Only 
healthy and large male adult guinea pigs should be used. Pools 
from large numbers of animals slr[)iild l)e prepared, preferably 
never less than ten animals. In large-scale production the pools 
must be kept below the size at which cxcessi\ely hnig storage 
without freezing would be necessary to complete them. If the 
scrum must be stored overnight or even for a few hours before 
drying, it should be kept frozen. Unless cold rooms ai'e available 
for centrifuging and other manipulations with the liciuid serum, it 
is inadvisable to work with large quantities of complement during 
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summer months. There should be a minimum of handling an,] 
preferably the product, if stored at all before drying, should b,. 
frozen in the fina/ containers proper/y c/ispeiisec/ for c/ryihg. 



Fig. 3.1. Summary of data obtained over a five-year period of 
storage. The curves representing results obtained at 25"^ and 
37^'C. are schematic and are an average representation of data 
obtained in tests from a number of laboratories. Certain modifi- 
cations of tests for syphilis utilizing complement-fixation are more 
rigid or sensitive in their requirement of complementary activity, 
therefore, the curves are drawn assuming that about 90% of full 
original potency is required in those tests which are more exact- 
ing In their requirements. Some tests can be carried out satisfac- 
torily simply by an adjustment in dilution even if the potency is 
reduced by as much as 50%. 

Residual moisture content should be reduced to less than 0.5 
per cent. C^lose attention to the type of containers and vacuum 
seal must be given. This subject will be discussed in Chapter 5, 
but it should be pointed out here that in the case of guinea-pig 
complement it is imperative to use a type of seal which will com- 
pletely exclude water vapor. It is not only because of the small 
volume ill which the products are dispensed, but also because of 
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the extreme sensitivity of giiiiiea-])ig complement to excessi\e 
moisture. 

In Tables 1, 2 md 5 are given tvpiad twpcriinentnJ results of 
the testing of guinea-pig complcjnentr' The data presented in 
these tables were obtained in testing according to the method of 
Boerner and Lukens.''' Similar results are found ^^^hen carrying out 
titration according to thc^ technique of Kolmer as used in his 


TABLE i 

HEMOLYTIC TITRATION WITH 0.75% SUSPENSION OF 
ERYTHROCYTES COMPLEMENT LOT 47 2 -C-l, DE- 
GASSED AND SELF-FROZEN, 2 YEARS OLD 
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complete liemolvsis. All leatlmKS iiKlipUm^ »o 

hemolysis. ± = hemolysis appi-o\imat(h^ !K) per eent (omplet<'. 1 hem<il>sis 
75 per cent complete. 


T A B 1, L 2 

HEMOLYTIC TITRATION WITH 0.75% SUSPENSION OF 
ERYTHROCYTES COMPLEMENT LOT 472-1, DRY- 
ICE FROZEN, 2 YEARS OLD 
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C = complete hemolysis. All readings are on a basis of ‘'4” as indicating no 
liemolysil £ = hemolysis approximately 911 per cent complete. 1 hcinoly.is 
75 per cent complete. 
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TABLE 3 

HEMOIYTIC TITRATION WITH 0.75% SUSPENSION OF 
ERYTHROCYTES FRESH COMPLEMENT 
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C — complete hemolysis. All readings are on a basis of “4" as indicating no 
hemolysis. ± — hemolysis approximately 90 per cent complete, 1 = herntnysis 
75 per cent complete. 


complement fixation tests. It is observed that there is no essential 
difference, whether self-freezing or Dry-Ice freezing is used. 

Under conditions where rapid handling of serum at low tem- 
perature is not possible, a stabilizing solution consisting of sodium 
acetate and boric acid may be added before drying. In this way a 
product is prepared which keeps well and which also maintains 
stability without detectable loss of potency for a period of several 
days following restoration. This is of particular convenience for 
the use of the desiccated product in small hospitals and labora- 
tories. 

Further, Giordano has recommended testing the serum from 
individual guinea pigs and then using the serum from satisfac- 
tory ones only."' When diying complement this would necessitate 
freezing of many small amounts and then thawing, probably for 
practical purposes not thawing until the next day, in order to pool 
the proper sera. This would be inconvenient; however, not to 
freeze would mean that the final product would not be equivalent 
to that pre]Dared from fresh serum with respect to ultimate dura- 
tion of potency in the^ dry state. Therefore, in order to follow 
Giordano s recommendation, it is necessary to add the stabilizing 
solution immediately after separating the liquid serum from the 
clot, to avoid u.se of intermediate freezing. 

The use of sodium acetate, according to Rhamy, for preserva- 
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tioii of complementary activity has long het'u known.-" Rhain\' 
has given an extended historical sketch of this subject.'” Fo\ soim- 
purposes the degree of preservation afforded by such chemical 
preservation is adequate. Eagle states that the exact duration of 
unaltered activity is uncertain and may vary from batch to batch.''” 
Therefore the advantage of the greater certainty and extended 
duration of uniformity of the coinplementarv activitv of serum in 
dry form seems to warrant the use of vacuiiiri desiccation from tlu^ 
frozen .state.^^ In this latter connection it is ncccssar\' to cemsider 
the size of the investment being made in animals for a large pooh 
the method of preservation must be comph'tc'lv rthablc. Also bet- 
ter results are obtainable with a drv reagent because it cau be used 
reliably for a standard over a long period.'”' Some economy may be 
effected by taking advantage of an annual low si^asonal prici' ol 
animals in order to prepare in advance a supply for a year or mor(‘. 

By combining the two methods of preservation, advantages 
may be realized that are possessed by neither one alone. To sum- 
marize, in the first place, only a dry product has rchalfie stability. 
Second, the serious losses in activity, which may result from d('- 
laying the desiccation too long after bleeding the animals, arc' 
eliminated by use of the stabilizing agent. Large' uniform pools 
may be obtained which contain satisfactory scrum on Giordanos 
basis which also have the full initial higli potency of freshly bled 
animals. Also, daily liquid lesidues from re'stored containers of the 
dry serum need not be wasted, and tliis peu'mits drying (weii two 
or three days’ supply in a single container to lowci- the cost. 

It is desirable to use a minimum concentration of sodium ace^tatc 
so as not to lower the freezing point excessively. A concentration 
lower than the 20 per cent recommended by Rhamy is preferred,"'* 
The lower concentration, as originally recommended by Rhamy,'" 
is quite adequate, particularly when the serum is to be kept in dry 
form for the major portion of the storage period. Toluene as a 
bacteriostatic agent is undesirable in a vacuum system of desic- 
cation; hence, 4 per cent boric acid as recommended by Ruffner,'^^ 
by Sonnenschein,'- by Green,”' and by Boerner and Lukens,'® as 
well as Rhamy’s original lower concentration of sodium acetate, 
provides the preferred solution for freeze-dried preparations. 
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The following is the exact procedure: Bleed the animals and 
centrifuge the blood immediately after the clot has formed. To the 
individual portions of serum, immediately add an equal volume of 
the stabilizing solution containing 12 grams of anhydrous sodium 
acetate, or 20 grams of the crystalline salt, and 4 grams of boric 
acid per 100 ml of sterile distilled water. Tn bleeding very large 
numbers of animals it is advisable to separate the serum and to 
add this stabilizing solution without waiting.to complete the bleed- 
ing of all the animals. Finally, before dispensing the scrum into 
vials for desiccation, make a pool of the proper individual portions 
in a single large container. Finallv, dispense the .serum into in- 
dividual final containers and dry it from the frozen state, pref- 
erably using equipment of the chamber type. Drying on external 
manifolds with the stabilizing solution present is somewhat more 
difficult because of a tendency to fuse and bubble out of the con- 
tainers, Temperature conditions are more readily controlled in the 
\'aciium chambers. 

In physical form the final dry product is (juite difierent, the 
higher salt content causing a “fused’' appearance and a lo.ss of the 
porous, net-like and friable structure which the desiccated prod- 
ucts normally have. Tlie solubility characteristics, however, are un- 
impaired and are excellent. 

For use, the serum is rf'stored in customary fashion by the ad- 
dition of distilled water, using a volume e(jual to the acttial serum 
placed in the individual container, not including that of the 
stahilizing solution. This yields a 12 per cent final concentration of 
sodium acetate, which is double that existing prior to desiccation. 
In the Wassermann reaction this original volume is then diluted 
further with 0.85 per cent salt solution as ii.sual, but not until just 
before the complement is to be used in the test. Excess concentra- 
tion of sodium acetate in no way interferes with the use of the 
complement in the Wassermann reaction; actually, the amount 
present becomes highly diluted as employed normally in the test. 
Even a saturated solution of sodium acetate, like sodium chloride, 
is not hemolytic or anticomplementary.*'^ In the present case the 
stabilizing solution becomes diluted to about 0.12 per cent in the 
actual Wassermann test, which is only negligibly hypertonic, 



APPLICATIONS • 89 

namely 10 per cent. This is ton low to cause anv inhibitory action 
on biological hemolysis. 

Sera undergo a loss of carlmn dioxide during desiccation, with 
a consequent elevated pH of the rcstoied product.’ Addition of 
the stabilizing solution lowers the initial pi I of the' serum prior to 
desiccation, so that the final value of th(^ drv st'rum upon restora- 
tion is less elevated. None of the clb:cts observed as the result of 
use of the stabilizing sdution, however, are attributable to the pH, 
This may be demonstrated by duplicating the changes in pH using 
dilute hydrochloric acid to the amount of 1.2 ml of iV/1 IKil per 
100 ml of serum. The activity characteristics of a portion of serum 
.so adjusted in pi I will be found to he equivalent in all i('S])eets to 
the unadjusted pH portion of the same pool when duration tests 
are carried out. On the other hand, the characteristics of a tliird 
portion to which stabilizing soliilion has been added and in which 
a similar change in pH occurs will have the improvcxl eonditions of 
stability just described. The cflhct on pH in three' sneli [)m tions of 
a same pool is illustrated in Table 4. 


TABLE 4 

pH OF SEPARATE PORTIONS OF A SINGLE POOL 
OF GUINEA-PIG SERUM 


^ (Irsicnitioti 


After restora- 
tion of the <ir}( 
produrt 


Unadjusted j 7.1MI 

With stalulizing solution j 

Adjusted with HCl : (i.7.5 


8.1) 4 

8 . 1 ) ,’) 
8.fl;> 


In the event that in a given laboratory the undelayed desic- 
cation after bleeding of the animals presents no problem, it i.s 
preferable not to add the stabilizing solution before drying l)e- 
cause of the added difficulty in drying. Then the stabilizing sohi 
tion may he substituted for distilled water used in the restoration 
of the dry product, hi this way the advantages of a stabilized re- 
constituted product inav be realized, a solution having full potency 
for several days. 
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BACTERIAL AND VIRAL CULTURES 

Elsor, Thomas and Steffen,"'^ and others have reported 
successful preservation of even sonic of the most delicate organisms 
for long periods of time. N. Meningitidis (meningococcus), N. 
Gonorrhoeae (gonococcus), H. influenzae, H. pertussis, E, typhosa 
and other similar organisms have been kept viable for a period of 
many years; upon reconstitution their growth may be started again 
to produce subcultures of unaltered characteristics. 

It has been found that a protecth^ protein greatly prolongs the 
keeping qualities of the organisms, and greatly increases the per- 
centage viability. Serum or plasma may be used, but it must first 
be inactivated to remove bactericidal activity. Sterile skim milk 
(autoclaved) provides a most satisfactorv medium.'^" 

Cultures grown in liquid medium may be concentrated by 
centrifugation and then resuspended in milk. Organisms grown on 
a solid medium may be harvested by scraping into saline or milk. 
If saline is used, the suspension is added to an equal volume of 
sterile skim milk. This mixture is then distributed into small con- 
tainers. Usually large numbers of containers of culture are dried at 
a single time. Small quantities per container are ordinarily ade- 
quate, as little as 0.05 ml being .satisfactory. It is highly important, 
however, to use all-gla.ss containers rather than containers which 
carry a rubber stopper expo.sed to the atmosphere. Otherwise, as 
will be discussed in Chapter 5, diffusion of water vapor through 
the stopper in a short time raises the moisture content of the cul- 
ture to a point where the viability of many species is not main- 
tained for long. As micro-organisms preserved in such small 
amounts are especially sensitive to this condition, it is necessary to 
use containers which may be sealed by fusion of glass. 

When bacteria are dried in small volumes it is advisable to 
freeze the suspension of bacteria in milk by placing a freezing 
mixture around the containers before applying the vacuum. If 
larger quantities are dried per single container, degassing and self- 
freezing may be used,^*’ as discussed in Chapter 2. In such cases it 
is not necessary to place a greater number of organisms in the 
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containers, but only to use more luilk tor a greater degree of dilu- 
tion which provides more liquid for e\’aporation during self- 
freezing. 

Either vacuum chambers, manifold-type of ecpiipment, or other 
types discussed in Chapter 5 may be used for culture drying. Large 
glass vacuum desiccators are suitable for the purpose, provided a 
proper low-temperature condenser or a chemical desiccant in 
adequate amount is tised. Such equipment does have limited 
capacity and is subject to technical incomeniciicc. ^uitc fn^- 
quently such apparatus, by technical error, is inadecjuate in its 
capacity for sufficient desiccant to complete the drying of the 
volumes of liquid processed. Means for raising the temp<'i'alure 
finally to 25 to 35°C for proper low residual nnhsture are more 
difficult to effect and control. 

When drying cultures in small \'olume, a matter of a lew hours 
is usually adequate. Unless it is for commercial production it usu- 
ally is simpler and safer to allow desiccation to continue ov(r'- 
night; the next day the containers inav be hcriiK’ticidly sealed bv 
fusion of the glass with a flame. Evacuation of the' containers b('- 
fore sealing is not always essential. Naylor and Smith'*' imported 
that dried cultures of Serratia marccscens must be stored under 
high vacuum to achieve a high sur\'i\al rate; viability is rapidly 
lost when scaled under air or tank nitrogen. They did not attempt 
purification of nitrogen by passage over hot copper, or use of 
special high-purity nitrogen (99.99 per cent). Frecpiently it is sim- 
pler to seal under original vacuum to avoid contanhuation. 

The widest use of cultures dried from tlie frozen state i.s in 
maintaining stocks of cultures. This not only eliminates continual 
laboratory transferring and sub -culturing, but it insures preserva- 
tion of the original cliaractcristics of the organisms, these fre- 
quently undergoing variation and change when subjected to 
weekly sub-culturing. Drying has been invaluable in maintaining 
specially developed strains of Penicillium notatum for high yields 
of penicillin. Otherwise, the strains would revert and bo lost, Large 
numbers of containers of every organism are dried at one time. A 
new container is opened whenever a given organism is to be cul- 
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tured. It may be necessary to carry a culture through two or three 
culture generations after restoration to rejuvenate all the original 
characteristics. 

Hammer applied desiccation from tlic frozen state to various 
viable bacteria.'^" Rogers employed the method successfully for 
lactic acid-forming bacilli. '*'* Swift has used this system of desic- 
cation extensively in his work with streptococci and pneumococci.'^ 
Siler and his associates at the Army Medital School have main- 
tained their eultures of the now well-known S-58 virulent Eber- 
thella tifphosa without dissociation over a period of many years.^*’ 
From Dr. H. Parker Hitchens I have learned personally that 
viability and type have been maintained lor over ten years at room 
temperature. Preservation of this strain iii this manner made it pos- 
sible for Siler and his group to embark on a program of research 
lasting over a period of years. There would have been little justi- 
fication for starting the program without having assurance that at 
the end they would be dealing with an organism of the same char- 
acteristics they started with, as could be cstabli.shcd by freeze- 
drying. yVs a result of this program carried on by Siler and his as- 
sociates, a much improved vaccine for preventing typhoid fever 
was produced and was available for World War II. This is another 
major, although indirect, contribution of freeze-drying to the great 
success of American military medicine during the war. Welch, 
Borman and Mickle reported successful preparation of Klebsiella 
pneumoniae in unaltered formd' 

Flosdorf and Kimball reported on extensive use of freeze- 
drying for H. pertussis:^'' With pertussis, agglutinin absorption was 
the index to demonstrate that no dissociation occurs as a result of 
drying over a 12-year period. The fundamental importance in 
antibacterial immunity of the combination of agglutinins with sur- 
face antigens of bacteria is well established. With iioii-flagellated 
organisms such surface reactions as agglutiriatioii or phagocytosi.s 
therefore provide distinguishing methods of assay for effective sur- 
face reactants in either serum or antigen, Complement fixation, 
and precipitin testing with soluble antigens, are of diagnostic value 
but do not distinguish surface antigen-antibody combination from 
phenomena involving other antigens. 



applications '93 

Applernan and Sears'' reported that legume nodule bacteria 
{Rhizohium leguminosarum) letain both \iabilitv and tbeir ca- 
pacity to nodulate plant hosts and to fix nitrogen after four ) ears 
of storage without loss. Bacteria tested were isolated originally 
from alfalfa, lespedeza, cowpea. pea, soybean, \^etch. crown \ t'tcii 
and clover host plants. The erdtures were grown on asparagus- 
Mannitol medium and then emulsified in sterile water for dr\'ing. 

Freeze-dried viable cultures of molds and bacteria are now 
available commercially in the dairy induslrv as ‘‘starters" for first 
propagation in production of cottage cheese, buttermilk, butten* 
acidophilus, bulgariaii and yoghurt. 

During storage of dried cultures ordinarv refrigeratiem at about 
5 to 8‘’C is used. This is not essential in all cases, but it is N'irtuallv 
prohibitive to carry out systematic studies of tlie effect of tempera- 
ture on storage of the many bundred.s of strains and munerous 
species of organisms of interest. Accordingly, it is safest to rclv 
on refrigeration, particularly as the size of the containers is so 
small. The procedure to be followed in preser\atiou of cultures 
depends somewhat upon the specific type of e({iiipnient used. For 
this reason, typical procedure is discussed at the tmd of (iliapter 5. 

In order to use the dry organisms the stem of the all -glass con- 
tainer is scratched with a file in usual fashion. After scratching tlu' 
glass with a file, the container, for breaking, is wrappc'd uiuk'r a 
cloth impregnated witli antiseptic to prevent the spreading of dry 
organisms as air rushes in. Excess antise])tic should first lx* 
squeezed out of the cloth, however, to avoid sucking tlu' licpiid 
into the container when the vacuum is broken. Sterile water is 
then added. With a standard small loop, the proix-r culture 
medium, either liquid or solid depending upon circumstances, is 
inoculated. A somewhat longer incubation period may he; re- 
quired to obtain satisfactory growth of th(‘ fiist culture genera- 
tion. 

With regard to the percentage of viable cells remaining in cul- 
tures of bacteria after desiccation there is wide variation, depend- 
ing upon the species and also the particular strain; this frequently 
may be as little as 5 per cent, but since the surviving cells keep 
well, there is adequate survival for thc‘ purpose of maintaining 
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stock cultures. Ilowever, in the case of live bacterial vaccines, 
which will be discussed in the next section, the situation is en- 
tirely different and steps should be taken to improve it for eco- 
nomic as well as other reasons. This is also true for “starter” cul- 
tures in the dairy industry and yeast for baking. The essential steps 
are different in every individual case, but often it is possible to 
control conditions whereby 80 to 90 per cent survival may be 
achieved. Speck and Meyers^^ report that spray-dried cultures of 
Lactobacillus bulgaricus, when reconstituted with fluid at 37 to 
50 give a higher percentage of viability than at 21 to 25 °C. 
Reconstituting at the lower temperature with subsequent wanning 
does not produce the same result. They found that freeze-dried 
cultures gave the opposite temperature effect. 

Lord Stamp'^^ has compared what he terms "slow drying of 
bacterial cultures in a desiccator over dehydrating agents in vacuo 
with "more rapid freeze-drying’. ” He states that it is simple drying 
in the unfrozen state, although the degree of \'acuum is 100 to 300 
microns of mercury and phosphorus pentoxide is the desiccant. In 
view of the latter condition, Lord Stamp could well be drying from 
the frozen state. It would depend entirely upon whether or not 
the small quantity (1 mm) in Petri dishes would be completely 
dried during evacuation before there would be time to freeze. If 
not, there would be nothing to prevent freezing; but, of course, be- 
cause of the absence of the controlled means of heating, the rate 
of subsequent drying would be indeterminate and slow. In drying 
in a desiccator in this fashion it is quite possible that in some 
cases there would be partial freezing, in others complete freezing, 
and in still others no freezing at all. In other words, because of the 
absence of control and of any means of knowing how well or 
poorly the product is frozen, the matter is indefinite; and this mav 
account for the variable results Lord Stainp reported, i.e., with 
Chromohacteriuni prodigiosum in one experiment there was an 
8G.1 to 90.2 per cent survival and in another case, 60.7 per cent. 
Also, Lord Stamp has pointed out that his slow method proved 
unsatisfactory for preservation of more delicate organisms, such as 
Neisseria meningitidis, Vibrio cholerae and FusiforTuis fusiformis, 
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whereas these along with N. gonorrhoeae wcw successfullv prc'- 
served by rapid freeze-drying. 

Lord Stamp states that better results were obtained with these 
methods when gelatin was used as a medium. He also incorporated 
beef extract and peptone. Except where acidity is harmful as witli 
Haemophilus pertussis, he found that ascorbic acid further im- 
proved the results, which he interpreted as a result of the anti- 
oxidant effect. 

The difference in results obtained by Lord Stamp by the so- 
called slow method in a desiccator as compared with rapid free/e- 
drying is of interest in demonstrating the great iinprox’ement in 
results obtained by this method as it has been carried out so ex- 
tensively during the past decade by use of propca* conditions of 
freezing, positive and controlled means of heating, and other fac- 
torsd'^^'*^ Lord Stamp states that a lower final content of moisture 
was obtained by use of the rapid method of fia'cze-drying, where 
the containers were exposed to the atmc.sphere while attached to 
a manifold connected with a Dry Ice eoiKhmser.* This same un- 
certainty of results and undependability wbtm applied to delicate 
organisms, as well as the lack of reduction to as low a final moisture 
content is characteristic of all similar desiccator methods re- 
ported by Swift,"*^ Elser,'-^ Ha miner bogers;*'' Sliackell,^' and 
others. The desiccator carried no means for actively and jiositively 
supplying beat under controlled conditions where the containers 
were actually placed in the refrigerator. Iixh'ed, in somi^ of the 
earlier work just cited, below-freezing refrigeration coils were 
placed in the drying chamber, which would actually inliiliit or re- 
tard drying. Thi.s is in contrast with modern procedure, which em- 
ploys the principle of carrying out drying as rapidly as possible 
but without melting or thawing and by positi\^e heating, eitlier in a 
vacuum chamber or with atmospheric air. 

Weiser and Hennnm"' reported more rapid death rate in cul- 
tures of Escherichia coU which had been frccze-dried than in those 
which had been dried from the liquid state at 22"C. However, no 
determinations of residual moisture content were made, and in 
view of this fact it seems doubtful whether safe conclusions can be 
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drawn. Furthermore, this organism is scarcely representative of 
the more delicate ones which have been successfully preserved 
over a period of many years, as discussed in the preceding pages. 
Also, it has been suggested that perhaps there may be a residual 
level which is being reached in the number of more resistant or- 
ganisms, and that the rate would naturally be more rapid in the 
case of the cultures having had the lowest death rate because of 
the drying operation per se. On the other hand, even were this the 
case with this one particular organism, no conclusions could be 
drawn with regard to more delicate organisms, where there is no 
survival when the cultures are dried from the liquid state. 

In 1936, Eagle'^ showed that Spirochaeta pallida docs not sur- 
vive the freeze-drying period. Rabbit chancres were emulsified, 
shown to be infectious for rabbits, and lyophile-processed by the 
author; the residue was rc-einulsified and injected intratosticularlv 
into six new rabbits. These rabbits showed no signs of syphilis, and 
after a year four survivors were found to be susceptible to the 
same strain of Spirochaeta pallida. More recently, Probey ha.s re- 
ported similar findings. 

With viruses, there is usually less activity after processing, but 
the final desiccated product is well stabilized and little further loss 
occurs during storage.^’ Viruses arc, in general, more difficult to dry 
than other substances. The temperature must be maintained lower 
than is frequently necessary with many other products, preferably 
well below — 20'^C.^^' 

Harris and Shackell presumably used freeze-drying in the pres- 
ervation of rabic brains.^^ Rivers and Ward have relied widely on 
freeze-drying in their work with an intradcrmal vaccine for jen- 
nerian prophylaxis,"- Siedentopf and Green have reported great 
success in the preservation of modified canine distemper xirns 
(ferret passage It is known that some substances, after drying 
from the frozen state, may not maintain activity in the presence of 
atmospheric oxygen, even though completely dry and hermetically 
sealed. Typical of such products are those high in lipoidal content. 
In such a case, sealing is necessary either under original vacuum 
or under an inert gas such as nitrogen or argon, Siedentopf and 
Green report that this is so with their distemper virus. It should he 
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poiiitw] out that th(‘ releast' of the original vacuum with dry air 
and subse(|uent evacuation t^r replacement of air with inert gas 
does not operate satisfactorily in all cases, since oxvgen inav he ah- 
sorbed by the highly porous solid matter and cannt)t be readily 
swept out. Also, for distemper virus the nitrogen must he purifit'd 
by passage over hot copper, 

Influenza virus may be successfnllv pit'sei \ed and freeze- 
drying is u.sed widely ‘for carrying various strains of the virus in 
many research laboratorit'S. Hoffstadt and Tripi'"’ rc'poi t siu'cess- 
ful three-year preservation of Levaditi and Cutter strains of vac- 
cinia, herpes simplex, laryngotraclnatis of fowls and Rous sarcoma 
viruses. On the other hand, they found inconstant maintenance of 
viability of the virus of infectious myxomatosis of rabbits over the 
three-year periods; whether this was because of non-imiform 
residual content of moisture or other reasons was not (h'tm iniiu'd. 
Their culture of O A strain of Shope’s fibroma did not survivi' the 
period. Other viruses which have been suecessfully kept are those 
causing hog cholera,'"’ rinderpest, ovine ecthyma (sheep scabs), 
yellow fever and various fowl disr'ascs, such as laryngotraehcitis 
and fowl pox ])repared from chick embryos. Wooley " has reported 
that lymphocytic choriomeningitis and St, Louis cnci'phalitis after 
■freeze-drying had been preserved for 378 and 833 days, resjiec- 
tivcly. Tests for longer periods were not made. 

Libby'’- has used freeze-drying in immunochemical studies with 
tagged antigens involving radio-liacers, with tobacco mosaic virus 
tagged with radioactive phosphorus (P'"). Mice wc'ri' injected 
with the tagged virus; 24 hours later the mice wer(‘ killed in a L)ry 
Ice-acetoue hath, and 3 to 4 mm sagittal sections were prepared 
with a band saw. These sections, after freeze-drying, wi'ix' im- 
pregnated with paraffin and 1-min sections were prepared with a 
microtome and placed in intimate contact with x-ray film for ex- 
posure for varying periods to obtain autoradiographs. In this way 
it is possible to locate regions and organs of greatest concentrations 
of radioactivity. 

The same methods as applied to the types of micro-organisms 
already enumerated are likewise applied to molds and other or- 
ganisms. The method has been used quite widely during the de- 
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vclopment of the penicillin program and has proved invaluable in 
transporting to great distances the many stocks of molds which 
have been collected, as well as specially developed strains pre- 
viously discussed. In the case of molds, spores rather than the 
vegetative forms may be dried. 

BIOLOGICAL WARFARE 

One of the unfortunate possible applications of freeze-drying 
is in the preservation of the various micro-organisms such as bac- 
teria and viruses which are pathogenic for man and other animals, 
plant life and also products producted by micro-organisms. It has 
been said that bacterial warfare was invented in 1649 by the 
Venetians who sent a physician with a flask of buboes to spread 
bubonic plague among the Turkish army in Ciafle. Some of the 
recently developed possibilities have been set forth by Rosebiiry 
and Kabat.'"” Any of these agents such as pathogenic Nemeria may 
be preserved by freeze-drying for production of a carrier rate high 
enough so that cases would appear; for virus of mumps and 
measles, which are highly epidemic particularly among children 
and among adults from rural areas; and for yellow fever virus. The 
latter can apparently be transmitted without the aid of in.sect 
vectors under artificial conditions not met normallv in nature, since 
the dry powder apparently can penetrate unbroken skin. Naturally, 
there may be many other applications developed in recent years 
which, for reason of security, are not being published. A fine diLSt 
of such a virus in freeze-dried form, as well as other materials, 
might even scatter sufficiently if merely dropped in a glass vessel, 
although of course much more efficient means could readily be de- 
veloped. These authors point out what is now generally accepted, 
that bacterial warfare is feasible, although actual demomstration 
of its practicability is lacking, since the destruction or immobiliza- 
tion of men or of essential productive and military (equipment and 
materials without excessive risk to the u.ser has not been proved. 
For no other reason than possible retaliation there is risk to the 
user. In fact, biological warfare is similar to or in the same category 
as chemical warfare, in which a major reason for fully exploring 
the possibilities is to be fully prepared as a means for defense. De- 
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fensive measures mean not only measures of defense j)cr sc, but 
must include full exploration of the possibilities in o (fensive tactics 
as well. Freeze-drying plays a part, not only as a possible method 
for direct dissemination of infectious agents and for distribution of 
imrnimizing agents, but as an in\’aluable aid as a researcli tool in 
delimiting the possibilities. 

The work of Rose bury and Rabat''’ as pul:)! i shed and as re- 
ferred to above contaips only data that were publicly a sail able be- 
fore 1942; it was treated as confidential during the war (Muc'rgency. 
and has only recently been published by virtue of the removal of 
war-time restrictions. It is to be hoped that biologieid warfan’ will 
never become a reality. If it does not, the trt'inendous (41ort will 
have been repaid by virtue of the major contribution to medicine 
in increased knowledge of the control of disease prnphvkuitically, 
therapeutically, epidemiologicallv and otherwise. 

BACTERIAL AND V I H A T. VACCINES 

It would seem self-evident that a method suitable lor ])rcserva- 
tion of bacterial and viral cultures in viable form would also b(' 
suitable’ for preservations of vaccines made from them, However, 
there are several other eonsideratioiis. Fir.st, with both bacteria 
and viruses, there is the matter of percentage viability remaining 
after drying, as has been disenssed. Second, with bacfaTial cells, 
there is the question of the extent to which full original degr(’e of 
dispersion is obtainable upon reconstitution, rc’gardless of wlu'tlu'r 
viability is maintained (inanv bacterial vaccines au‘ piepau'd fiom 
killed organisms). 

This ' agglutinahility” of eellnlar organisms has been suggested 
as a drawback in the usi' of free/e-drying for preservation. In ad- 
dition, there is the point that if the organisms have Ixvn killed, the 
means of killing is quite likely to have caused so much change in 
the cells that little more would be likely to occur perevntage-wise 
in the liquid suspension over any reasonable period of normal 
storage. With vaccines composed of living organisms, such as 
Brticello abortus, we have an entirely different situation in normal 
storage, since mortality of living cells is high in undried foriii, 

A case where free/e-diying has been of value in the preserva- 
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tioii of live bacterial x-aecines is Bnicella uhortus, just mentioned 
for control of Bang’s disease in cattle. The organisms are .suspended 
in a protein medium, such as serum or milk, preferably the latter. 
The pH is adjusted between 6.6 and 6.S. prclernhiy with a phos- 
phate hiitier. Sui'vival rates oi about 50 per cent nftei dtyiuir aie 
considered good, altliougii by making other modifications in the 
su.speiiding medium, suI■vi^'aI rates as high as 90 per cent have been 
obtained. Tiiere is a minimum freezing and maximum final tem- 
perature for optimum survival, depending on strain variation, 
generallv abo^'e Dry Ice temperature for the former and above 
room temperature for the latter. The rate of temperature increase 
and time for diving are also critical. 

The viral vaccine for prc^’ention of canine distemper has been 
produced commerciallv in a small wav. Various fowl viruses are 
produced by desiccation. Vaccine for tbe prevention of yellow 
fever in man has been successfully prepared on a rather large scale. 
In experimental work the \irus of influenza has been Ireezt'-dric'd. 
Vaccine for intradermal injection for immunizing against small- 
pox by Jennerian prophylaxis'- has all been distributed after free/e- 
drying. There is question about the efficacy of this method of im- 
munization but this has no bearing on freeze-drying per se (it 
relates to the nature of the material itself and tbe method of 
carrying out immunization). 

One of the earliest applications of freezodrying has Ixh'd in 
the control of rinderpest (cattle plague) in Africa. The mortality 
for this disease is high, sometimes reaching 50 to 75 per cent. In 
preparation of the virus the blood of infected animals is laked and 
centrifuged. This separates the leucocytes with which the live 
virus is associated. Without drying, the \'irus remains viable and 
effective as an immunizing agent for a matter of a few weeks only. 
The virus survives freeze-drying well atid its life is thus extended 
to months and years. Cattle are immunized by tbe simnltaneoiis 
inoculation of living virus and immune serum, this being similar to 
tbe practice in immunizing swine against hog cholera discussed 
below. 

Miince and Rcichcl'^’ have shown that hog cholera virus of 
blood origin, when desiccated under high vacuum and stored in 
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viictio in tiame-s'Biilcd ampoules, remained infccti\e after exposure 
to a temperature of 60®C for 96 hours. At 37‘^C, the infectix itv was 
maintained for 328 days. Phenolized liquid virus from the same 
mixture was uon-infective after exposure to tlio temperatm e 
for only five hours. At the period of infecth itv of the dried 
preparation was approximately 23 times as as for the phe- 
nolized liquid virus. After storage at 20°C, tlie dried \irus was still 
infective in these authors' last test, which was conducted aftm- a 
storage period of 1125 days~12 times as long as for the cona*- 
spoudiiig phenolized liquid virus. 

It may be pointed out that hog cholera virus, as eominercialh^ 
available, consists of the phenolized, defihrinated blood of artifi- 
cially infeeb’d swine which are undergoing an attack of aciit<' hog 
cholera at the time their virus-1 ad( a i blood is colh'cted. This \ inis 
preparation is fre(|iiently referred to as “siinnltaiu'ous hog clmlera 
virus” because it is used simiiltaueouslv with anti-hog cholera 
serum in the immunization of swim' against hog choha a, Tlu' ani- 
mals would not survive the injection of the live virus were tlu'v not 
protected simultaneously with the scan in. Wluai usial iii conjunc- 
tion with anti-hog cholera serum, the virus possessing high \'iru- 
lence and the proper antigenic properties stiiiiul:it<'s a strong, ac- 
tive immiinitv of lasting duration. The product, when dispeaiscd as 
a liquid, mast be preserved with phenol in the amount of 0.5 pia- 
cent. This agent exerts a viricidal action which graduallv rednee's 
the viability until it is no longer infective'. For this rea.son, the 
United vStates Bureau of Animal Industrv has assigiU'd an e'xpira- 
tion dating of only 90 days for the phetmlized lie[iiid from the' date* 
of the production (not sale) of the product. Aeceirdiiigly. the' r('- 
sults with the freeze-dried proelnct are of particukir importance, 
not only in extending the actual dating itself, but in assurance that 
the product will has'e not undergone partial de'terioratioii when 
used. 

Munce and Reichel have also reporte'd that the freeze-dried 
samples maintained their infectivity for a longer period after 
frccze-drying when stored in flame-seak'd ampoules than in rub- 
ber stoppered bottles, in both cases the containers being evacuated, 

Although uupreserved liquid virus maintains its infectivity for 
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a longer period than phenolized liquid virus from the same mixture 
and stored at the same temperature, Government regulations re- 
quire the Lisc of a suitable preservative for obvious reasons. Ac- 
cordingly, the results of significance are those in comparing the 
longevity of the freezo-dried product with the phenolized liquid 
virus. 

Smadel, Randall and Warren*’ " have reported on the successful 
freeze-drying of Japanese encephalitis vaccine. This was supplied 
by the Army Medical Department, Research and Graduate School, 
for the Pacific Theatre. They used the “Nakayama” strain and pro- 
duced a 20 per cent suspension of infected chick embryo tissue in 
buffered physiologic saline containing sufficient formaldehyde to 
inactivate the virus. The formaldehyde is fiiiallv neutralized with 
sodium bisulfite, penicillin is added to tlie final pools to make a 
final concentration of five units per cc, and the merthiolate is added 
at 1:10,000. 

The vaccine is finally freeze-dried in ap]raratus of a type simi- 
lar to Bauer and Pickels, and is described in Chapter 5. By means 
of external refrigeration, the vials supported on a vertical mani- 
fold, the air is kept around -20'’C for several hours. The tempera- 
ture is then allowed to rise slowly and readies 0”C about 20 hours 
after starting. The temperature is then raised quickly to *S0”G and 
is maintained there during the 20 to 24 hour period. A pressure of 
80 to 50 microns is held initially and at the end of the cycle, the 
pressure goes as low as two or three microns. Presumably, this low 
pressure is unnecessary, but is obtainable because of the inherent 
nature of tlie equipment which utilizes a Dry Ice condenser. 

When drying is completed, vacuum is released by means of 
'‘super-dry, oil pump nitrogen which has a moisture content of 
less than 0.002%.” This is further passed over a chemical desic- 
cant. The nitrogen -charged ampoules arc sealed by fusion of the 
glass stem. Storage of the vaccine is at 5*^0. Rebydrated vaccine 
must be discarded after about eight hours. 

HUMAN MILK 

It is well known that many mothers have large excesses of milk 
and others an insufficient supply. By means of human milk banks it 
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is possible to maintain a tairly satisfactoi‘\' balance^ of supply and 
demand, Occasionally an excess supply niav cavrv thi' situation 
temporarily out of balance. Drying the excess bv sublimation di- 
rectly in nursing bottles was carried out as earlv as 1935.^ Although 
application has not been widespread the possibilities are eonsider- 
able, particularly in making the product available in smaller cotn- 
in unities where the population does not permit the maintenauee of 
a milk bank. 

PENICILLIN, STREPTOMYCIN AND OTllEH 

A N T I B I 0 I C: S 

An antibiotic is an agent produced by li\’iug inicroorganisins 
which exerts antagonistic effects upon other li\ lug organ ism.s. Pen- 
icillin is produced by PenidUium notaium and although it was dis- 
covered originally in 1929, not until World War 11 w('rc its great 
clinical potentialities fully realized. Extensive elinieal testing was 
carried out, and the product finally put into mass production. A 
somewhat extended discussion of fieezc-drying amorphous p(Mii- 
cillin follows because it represents a difficult material, hygro- 
scopic, labile and requiring lower than usual tempiaaturc. Since 
about 1948 most commercial penicillin has been crxstalliia', not 
requiring freeze-drying. 

Early work was not directed toward t'valuating the possible 
clinical usefulness of penicillin presumably because, its lability 
seemed to make it iinsuited as a therapeutic agent.' ' However, 
when later research had resiilU'd in demonstrating the efivetive- 
ness of penicillin, it was natural that desiccation fnmi the frozen 
state should be called upon to stabilize it, as freeze-drying had in 
the meantime become highly de\ eloped for comuKa cial use. 

In many respects, the problems with freeze-drying plasma and 
penicillin were similar and, indeed, even many parts of th(' (apiip- 
inent used were identical. On the other hand ccatain peculiarities 
in the nature of penicillin introduced problems quite dificiiamt from 
any encountered earlier. Although pcnidllin is es.scntially labile, 
more so than many other biologicals, it is not in the same class as 
guinea-pig complement. It is desirable to dry penicillin at temper- 
atures even lower than that required for many other bi(dogical 
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products including blood plasma. Penicillin does not remain in a 
completely satisfactory physical condition unless the temperature 
is below about -20°C, and in some cases preferably below -25''C. 
The exact temperature varies with the degree of purification and 
with the concentration of the product; nevertheless, even the least 
exacting of preparations should be processed at a lower tempera- 
ture than plasma. Some commercial preparations recpiire — 40°C. 
Frozen penicillin may be considered as a partially thermoplastic 
material, the degree of thermoplasticity being greater at the higher 
range of sub-freezing temperatures. Furthermore, penicillin solu- 
tions have a low surface tension. If pcuicillin is not k(?pt at the low 
temperatures indicated above during drying, this thermoplasticity 
in view of the low surface tension allows a certain degree of appar- 
ent bubbling; if allowed to proceed too far, this would he sufficient 
to introduce serious problems of practical control. Therefore it is 
desirable to maintain a temperature low enough to avoid this con- 
dition. This is discussed more fully in Chapter 2. 

Carr and Riddick'’^ determined the hygroscopicity of various 
penicillins. Their published curves show a critical point in hu- 
midity above which there is rapid absorption of water by the dry 
material. 

Drying of a biological product intended for parenteral use may 
be carried out either in bulk or in the final container in which the 
product is to be stored and distributed. At first virtually all paren- 
teral penicilliu was dried in the final container, as proposed in 
1935.^ Some parenteral penicillin is now dried in hulk. However, 
drying in bulk has not mot with favur in all quarters because of the 
obvious problems of maintaining sterility while sub-dividing dry 
powder into ampoule.s For distribution. The preffilem is made more 
difficult because of the hygroscopic nature of dry penicillin and 
the fact that the size of doses requires accurate weighing of small 
amounts. Drying penicillin in bulk for transfer of dried powder to 
final ampoules is the first time that this method has ever been tried 
in the routine commercial production of a biological product. 

Originally, preconcentration of penicillin was carried out iu 
bulk by partial freeze-drying, with transfer of concentrated liq- 
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uid to ampoules for final drying, This reduced the size of the final 
ampoules required, particularly where the original penicillin was 
very dilute. However, highly concentrated solutions of penicillin 
are now obtained directly by iinpro\^ed methods of chemical ex- 
traction, so that this preliminary step of concentrating by ex apora- 
tion is no longer nec('ssary. It should ht' pointed out, howcn cT, that 
when concentrating in bulk, as just described, the same pi-ohhnns 
of sterility are not encountered as when drying completely in bulk. 
This is because a representative sample of the concentrated li([uid 
is readily obtained for bacteriological culturing; if it is found ster- 
ile there is reasonable assurance that the entire batch is sterile. 
This is in contrast with the inefiectiveuess oi prop(a' l)actori{dogical 
sampling of dry powders. 

There are no particular limitations with regartl to the temper- 
ature of freezing other than it be siifficieutly low to prevent ('\- 
cessive separation of ice crystals from concentrated penicillin. As 
indicated above, a temperature of -20°C represents about tlu' 
maximum to be used if the product is to be dried without exces- 
sive apparent bubbling of the thermoplastic solid. The kood and 
Drug Administration has used Cryochem freeze-dryiiig in t('st 
work and standardization with pimicillin after shi’ll -freezing, pre- 
sumably with a Dry Icc bath/''^ 

There is a further complication in the large-scale production ol 
penicillin in contrast with plasma. Because of th(' larger hulk ol 
material in a single plasma bottle and the lower siufacv to vol- 
ume ratio, its conttmts will not thaw quite so (piickly wlum re- 
moved from the frec/iiig-bath. With penicillin the amounts an' sn 
small that unless special precautions arc taken thcix' is considci- 
ablc hazard of partial thawing after removal from tlic frcc'zing- 
bath or from the fix)zeii storage vaults, This happens dmuig load- 
ing of the drying chambers and evacuation to pressures that enable 
the frozen state to be maintained by evaporative cooling, tor that 
reason, drying chambers of the type used widely for blood plasma^’ 
have been modified to the extent that they can be; chilled to sub- 
freezing temperatures. The product, after being loaded into the 
chambers, is held in a frozen condition in this way until the proper 
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degree of vacuum is obtained. Then the chilling medium is re- 
moved from the jackets of the chambers and the heating medium 
is circulated at the proper temperature. 

A still simpler procedure has now been introduced which 
greatly reduces the labor of handling the bottles. Those contain- 
ing the liquid penicillin are introduced into the chilled drying 
chambers. As soon as the penicillin has been frozen, which may 
be within as little as half an hour, the chajnber is evacuated and 
then heated in the usual fashion. 

Because of the high liygroscopicity of penicillin, low final mois- 
ture content is somewhat more difficult to obtain. One procedure 
which has met with favor is to use steam ejectors or refrigerated 
condensers in the first stage of drying for the removal of the bulk 
of the water vapor from the frozen penicillin solution. This affords 
the most economical way of carrying out the process, since a vac- 
uum of no 1)6 1 ter than about 250 microns is required. To complete 
the drying a chemical desiccant may be used. By choice of the 
proper desiccant partial pressures of water vapor as little as a 
fraction of a micron are readily obtainal)le, making it possible to 
reduce the final moisture content in penicillin to as low a level as 
necessary,'* Inasmuch as the amount of actual water to be taken up 
by the desiccant in this second stage is small, weights of desiccant 
which arc reasonable will last for a long time before re])lacement 
or regeneration is necessarv. The Food and Drug Administration 
has used Cryochem freeze-drying in test work and standardization 
of penicillin to sufficiently low moisture.*"’ 

As an aid in reduction to proper final inoistmc content, the 
temperature of the penicillin may be raised toward the end of dry- 
ing to increase the vapor pressure. This in turn raises the pressure 
which it i.s possible to use for obtaining final dryness. Although 
originally it had not been considered safe to take the dry penicillin 
to above 40®C, there seems now to be evidence that the final prod- 
uct may be raised to considerably higher temperatures, even as 
high as 110*^C. This, of course, simplifies the problem of obtaining 
a low moisture point at the end of the process. 

Although exhaustive data are not yet available which relate the 
stability of penicillin at various temperatures to the actual content 
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of moisture in the dry product (cimong other things, it \’aries with 
the degree of puririeation) it is generally agreed that the lo\^'(M• the 
content of moisture the greater the stability. There is considerable 
difference of opinion as to just what is tlie critical le\e‘l. lii some 
States it was early required by regulation that the product be 
reduced to below 2.5 per cent, and there is e\idence that a final 
moisture content of 0.5 per cent is nec'cssary for inaxlmal stabil- 
ity. 

The foregoing discussion applies to amorphous penicillin, (aws- 
tallinc penicillin can be reduced to dryness bv means other than 
freeze-drying, but in some processes final reduction of tlu' product 
to low moisture parallels the second stage of freeze-drying. 

Streptomycin is likewise being freeze-dried. As with other 
products, longer datings may thus he pennittr'd. hnrthennore, 
sterilization of the pure product just before filling the final con- 
tainers is difTicult, The uncertainty of sterile handling of licpud 
products, which are not readily sterilized liy the normal proeedure 
of filtration or heat or bv addition of bactericidal pres{’rvati\ (*s, has 
been discussed in Chapter 2. If a batch of licjuid product is fr(‘(' 
enough from contamination that organisms cannot be found in 
standard te.st procedures, the product is frceze-dri('d and there is 
definite a.ssurancc that it will l)e safe for use upon re.storation. This 
is in contrast with the situation where' the product would be dis- 
pensed in a large number of bottle's as a licjuid and a fe'w might be' 
,slightly contaminated. During storage' these few bottles we)ulel be'- 
come heavily contaminated as a result of multiplication of the' f(‘w 
iseilated organi.sms which missed initial elete'ction. Streptomycin is 
mm-c like plasma in its physical drying charaete'ristics than pe'ni- 
cillin except a temptrature less than -3()°C is necessary. 

Naturally, freeze -drying is applied to other antibiotics, both to 
centre)! lability and to make control of ste-'rile distribution easier, 
such as bacitracin. 

During the war, Shej-wood^^'* and his collaborators at M.LT. 
carried out extensive studies on drying penicillin and arrived at 
certain theoretical considerations. These were in connection with 
drying from bottles, centering entirely around tlie type of bottle 
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established by the W.P.B. for distribution of the antibiotic. In the 
Appendix will be; found a portion of the reports made of this work. 

HOKMONES, AMINO ACIDS, BILE AND 
OTHER BIO L O G I C: A L S 

A wide variety of biological products has been dried success- 
fully from the frozen state; there is no change in general in biologi- 
cal or other properties, and the dry products have excellent char- 
acteristics of solubility. A brief reference will be made to some of 
these. Bacteriophage from many organisms including that of dys- 
entery has been dried.'’" Highly purified tuberculin protein satis- 
factory for skin testing in control of tuberculosis has been dried 
successfully by lyophilization. Seibert, who has contributed more 
than anyone else to the chemistiy of tuberculin, has studied the 
effects of freeze-drying and various procedures of applying it. She 
has found no change in this protein material detectable by some of 
the most sensitive means available today.'’^ Langner and his asso- 
ciates have applied freeze-drying to organisms to be chemically 
extracted and to the extracts obtained from them. This was in con- 
nection with studies in allergy."^'’''^’'^ Casals has applied freezing 
and drying to various antigens of a non-virulent nature to be used 
in comphunent-fixation tests with central nervous system virus in- 
fections. These have been frozen and dried and distributed to vari- 
ous laboratories for use in hospital diagnostic work.'" Small-pox 
and BCG vaccines are dried in U.S.S.R. with excellent results for 
shipment to remote places.'^ Hetherington has used lyophile se- 
rum, embryo juice and plasma media for tissue culture.*^ An ade- 
quate supply of material can be kept on hand for continued use to 
avoid considerable routine labor and at the same time provide a 
constant medium for use in a long series of comparative experi- 
ments. The product has been found excellent in connection with 
the growth of cardiac cxplants for white mice. Soutor and Kark 
have produced a stable thromboplastin suitable for use in the 
Quick prothrombin test,’’ Material ready for immediate u.se with 
the addition of distilled water permits the performance of the test 
by the physician in his own office and makes it possible to carry out 
the test witli greater ease anywhere. 
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Toague, Galbraith. Ilinnmc'K \Villiains and Macv ropnrt that 
the removal of water from feces, urine and milk b\ dehydration 
in vacuo from the frozen state permits ]n'eser\’ation of tlu' dl■^^ ma- 
terial indefinitely in an iindenatuied form if stored under proper 
conditions.'" This method of dehydration has many advantages 
over oven-drying. Ovcn-drving at 70 C and under In’drolvzes the 
soaps in fece.s, causing exaggerated \ allies for tlie fri't' fattv acids 
and a reduction in the ^oaps, although the total frin^ fattv acid plus 
soap values is the same for both methods of dr\ ing. The nitrogen 
contents of the Cryochcm samples of h'ces, nriiuv and milk approx- 
iinatc those of fresh specimens. In obtaining energy data hy the 
bomb calorimeter, the Cryochem -dried material pca inits gi eatiM ac- 
curacy in analyses and economy of time and materials, and elimi- 
nates one nitrogen determination and the eorreetion for nitrogen 
loss ill drying. 

Dried human blood cells arc a \ ail able cotnmi'reially lor to[)i(‘al 
treatment of slowly healing wounds. Inn ns, and ulcers. Du' prod- 
uct apparently has the property of stimulating tlu' growth of 
healthy granulation lissiH" when sprinkled in liberal (piaiitity ov'i'r 
the affected area. It also serves as a medium tor thi‘ grmvth and 
extension of epithelial cells over the granulating surface. Ilu' e(‘lls 
represent the residual cell mass after plasma is witlidrawn from 
fresh human citrated blood. The preparation also contains a small 
amount of residual plasma, the stroma and the contents of tlic eiT 
lular and acellular elements of the blood. Tlu' free/i'-drving opiTu- 
turn is carried out readily to produce a highlv satisfaetoiy prodnel. 
The dried product is unahsorhed hv the dressing and clings to the 
wound site. It is highly stable for an extendial period of tinu'. 

Bile has been prepared in drv form so that a stable piodiut inav 
be stored readv for dissolving to use in obstriietisc' jaundice. It is 
believed that the abnormal bleeding which occurs is due to tlu^ 
failure iu the absorption of vitamin K in the ahsiMici' of hik' in tlu* 
intestines." 

Farr and Hiller have reported on the suec(>ssful drying of he- 
moglobin.'" They found that applying the method of freeze-drying 
to oxygenated hemoglobin solution resulted in preparations in 
which the hemoglobin had lost 25 to SO pei' cent of its oxygen- 
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binding capacity, by change to methemoglobin. However, when 
heinogiobin solutions were first deoxygonated by repeated evacua- 
tion of all gases, so that over 99 per cent of the oxyhemoglobin was 
changed to reduced hemoglobin, the reduced solutions could then 
be frozen and dried in ampoules and the dried hemoglobin kept in 
vacuo for months without methemoglobin formation. In redissolv- 
ing the reduced hemoglobin it was necessary to prevent even mo- 
mentary access of atmospheric oxygen to the dried material before 
it was dissolved; otherwise, methemoglobin was formed, After the 
reduced hemoglobin was in solution, oxygenation did not inacti- 
vate it and the solution was stable in air. At 4^C the solution could 
be kept several weeks without significant change. 

Drabkin reported'" that excellent results were obtained with 
hemoglobin which the author prepared in 1937"“ by freeze-drying. 
These original samples wore dried on a manifold type of Dry Ice 
condenser apparatus and were sealed in individual containers.’ 
Drabkin stated that samples of dog cvamnethemoglobin kept in 
storage for nine years in a refrigerator remained unaltered. Prepa- 
rations of lieinoglobiii tested over a five-year period were partially 
oxidized to methemoglobin but were undenatured in the sense 
that total pigment still remained completely convertible to hemo- 
globin by means of NaoSoCX. This change toward ferrihemoglobin 
is not unusual; it occurs slowly and progressivelv in dilute solu- 
tions of oxyhemoglobin exposed to the air and also in the case ol 
solid precipitate obtained in dialysis against saturated ammonium 
sulfate when not stored under vacuum. Of all the preparations, 
Drabkin found that evanmethcmoglobin pro\'cd to be the most 
stable, and in all his studies he has used free/e-dried preparations 
as his hemoglobin standard. 

Amino acids are now available commercially after has ing bee?i 
freeze-dried. In prodiiction, casein prepared by acid digestion is 
hydrolyzed to give a mixture of amorphous amino acids. In some 
cases certain of the amino acids are reduced in their natural 
amount, such as glutamic and aspartic acids, and others such as 
tryptophane are supplemented. The product may be used paren- 
tcrally as a 10 per cent solution in the same way that blood plasma 
is administered, say at rate of 50 to 60 drops per minute. Clinical 
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experience at the present time is not broad but as the result of nu- 
tritional therapy expected benefits are a contribution to antibody 
formation, hemoglobin formation, maintenance of liver function, 
regeneration of tissue required for the healing of wounds, mainte- 
nance of water balance {by effecting a reduction in and the disap- 
pearance of edema), prevention of edema, and otlier ad\'antages. 
Reported indications for parenteral administration are wlienexaT 
food cannot be eaten or digested, when it is ]](jt permitted as a 
pre- or post-operative precaution, and for restoration of nitrogen 
balance when sufficient protein is not available. 

These mixtures of amino acids pi'eseiit somewhat greater diffi- 
culties in drying than certain otlier substances because of tlie 
lower temperature required. It lias been reported tliat .some of 
these troubles may be overcome in part by concentrating the so- 
lution in mciio and adding dextrin to the concentrated solution.'" 
For tliis purpose it is claimed that of the carbohydrates, only dex- 
trin or starch is suitable; sucrose or cereluse is reported not to aid 
in subsequent lyophilization. 

With proper type of equipment, vacuum concentration of the 
protein hydrolyzate may be carried out at temperatures b(‘low say 
about 50°C without an antifoaming agent. This concentrated liy- 
drolyzate may then be shell-frozen and lyophilization carried out 
as usual. The above author.s state tliat not over 10 per cent of th(‘ 
total volume of the bottle should be filled with the product, but 
the author has found it possible to fill the bottles up to about 50 
per cent of their capacity, as is tlie case with blood plasma. 

Many enzymes have been dried without loss in tlieir activity.’ 
To cite hut one unusual case, crystalline beef liver catalase has 
been dried; the properties of the dried product compared favor- 
ably with those of undried crystalline beef liver catalase. Dounee 
and Howland"’ report that the dried material is not crystalliz- 
able. 

On a small scale, freeze-drying has lieen applied to the histo- 
logic fixation of tissues. In this case drying is slow and heat is not 
used. Altmann was perhaps the first worker in the field to report 
on such an application.^^ Gersh has extended the use of this tech- 
nique for fixation*^ and Iloerr advanced the technique by more 
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rapid freezing and by using a lower temperature of dehydration.^" 
This topic is the subject of a later section. 

One rather interesting application of freeze-drying has been in 
the dehydration of orchid seeds by Svihla and Ostermann.'^'^ It was 
found that seeds which were dried from a suspension of blood se- 
rum would not germinate upon reconstitution, but those dried 
from a suspension in coconut liquid germinated well and grew 
.satisfactorily. Seeds of tuberous begonia and snapdragon failed to 
survive desiccation and did not grow. 

Hormones are dried quite widely on a commercial scale and 
their commercial distribution as a result has been greatly assisted. 
Chorionic Gonadrotropin from the urine of pregnant women, and 
also of bovine origin, is perhaps one of the best examples; also 
anterior pituitarv extracts of bovine origin. A wide variety of 
minced glandular materials is dried. 

VITAMINS, PHARMACEUTICALS, CHEMICALS 

Up to the present time the major application of various prod- 
ucts in this class has been for parenteral use. The m(;thod has sev- 
eral advantages (1) the lability of the product; (2) the greater 
ease in controlling the sterility, as has been discussed in connec- 
tion with antibiotics; and (3) the increased rate of solubility. The 
last is particularly important where an ampoule of product must be 
opened by a jibysician and dissolved at a temperature not lower 
thair that of the room and not above that of the body and made 
ready for immediate injection. Rapid solubility frequently makes 
the difference between whether or not a product is suitable for 
such clinical use. Considerable quantities of vitamin B prepara- 
tions are now dispensed commercially after freeze-drying for par- 
enteral use. A(|ueous solutions in high concentration have instable 
.solubility characteristics, which is another reason for freeze-drying. 

E L E C T W O N M I C R O S C O F Y 

VVyckoff has reported on the use of quick-freezing and desic- 
cation from the frozen state to prepare specimens properly for use 
in electron microscope studies."*' ’^'- Fig. 3.2 shows a micrograph of 
a frozen-dried tobacco mosaic preparation. This contains a net- 




fig. 3.2. Micrograph of a freeze-dried tobacco mosaic prepa- 
ration. Magnification 24,000x. Courtesy of Dr. Ralph W. G. 
Wyckoff. 


work of thick bandies of purticlcs, and the forinatioii ol these bun- 
dles by the curling up of fragments of a sheet can he watehetl un- 
der the microscope. The fact that some bnndk’s overlie othi'is is 
evidence that the sheets from which they were d('ri\ed were' at 
different levels. The magnification is 24, ()()() times. As VVyekolt 
points out, most native proteins are strongly h\’drat(^d, wlu'llier 
they are in molecular suspension or whether they form [)art of an 
organized biological tissue. When water is lost dining air-drying, 
for electron microscopy, it is probable that the elementary parti- 
cles of many protcin.s will shrink and distort. Dehydration cannot 
now be avoided; thercfoi'e tcchniipies are needed which will des- 
iccate with a minimum of alteration. Free/.i^-drying accomplishes 
this. 

The solution to be studied is prepared by taking a microdrnp 
and applying it to the usual collodion- or Formvar-eox ered seri'cns 
which have been chilled with Dry lee or liqiiid-air tempera tm('. 
Idle cold block is then quickly transferred to a vaemim ehamhm- 
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and high vacuum drawn before the product melts. If the prepara- 
tions are to be shadow-cast before microscopic examination, vac- 
uum desiccation and shadowing can be carried on in the same ap- 
paratus without breaking vacuum. 

Wyckoff has made electron micrographs out of frozen-dried 
bacteria, of plant and animal viruses, and of tis.sues. In the case 
of certain of the materials the pictures are indistinguishable from 
those of ordinary air-dried preparations, and there would seem to 
he no reason for freeze-drying. With others, however, very interest- 
ing and striking pictures have been obtained. Mysels''* has reported 
exxellent photographs of amorphous aluminum laurate prepared 
by freezing direct on the naked wire gauze of the object holder 
and then subliming the cyclohexane solvent. When evaporating 
the same dilute sol at room temperature, no structures were ob- 
servable in the soap film. 

Pease'”^ points out that ionic constituents are free to move dur- 
ing drying even when frozen unless quickly frozen to a "glass” ice 
and dried below — 55"C. He froze a myosin sol in 0.5M KCl at liq- 
uid air temperature and then dried it in a Dry Ice cryostat at 
-72°C. Then after fragmentation, examination with the electron 
microscope revealed the total absence of salt crystals. Only with 
thick specimens bound by membranes, e.g., muscle fibers, was un- 
questioned salt found to be retained in situ. 

Two possible explanations offered by Pease assume that the 
fixed ions in the solid are not associated in a crystal lattice and 
that either the slightest jar di.sperses them as free ions (or mole- 
cules ) or else there is literal evaporation of the ions or molecules. 
He states that if the first were true, one might expect at least oc- 
casional masses trapped in interstices, but none were observed. As 
to the second explanation, nothing is known about vapor pressure 
relations in systems of isolated ions on an evaporating solid surface 
where attractive forces might be different from those on a crystal 
face or fluid surface. Pease suggests experimentation with radio- 
active tracer techniques to determine if evaporated salt can be lo- 
cated somewhere in the condensing or pumping system. 

In any event Pea.se has demonstrated that aqueous systems con 



applications • 115 
taiaiiig high conceulrations of salt can be prepared hv tins method 
for effective use with the electron nhcroscope. 

HISTOLOGY AND CYTOLOGY "" 

Freeze-diying has been employed exteHsi\e]y for many years 
by histologists and cytologists. The technique as practiced is quite 
different from the use of free/e-drying today for biologicals, phar- 
maceuticals, micro-organisms, and other proclncts discussed. The 
procedure is much slower and the products arc' mainlaiiied at 
lower temperatures without heating. It is for these reasons, as well 
as the fact that tissues are generally more dilficnlt to dry than licj- 
uids, that the process is inore time-consmiu'ng and I'ccpiires more 
elaborate equipment. 

It was nearly 60 years ago that AltmaniC^^ stated that biological 
materials could be dried without shrinkage at a tcmipc-ruture of 
"20°C. This was published in connection with his cvlological 
work on bioblasts. Forty years later GerslT' described e(|nipmc'nt 
for fixation involving the use of licpiid ammonia to pren ide low 
temperature and a diffusion pump and phosphoiais pc'utoxide for 
removal of the moisture. With this equipment Ger.sh ^vas able to 
eonfinn the value of the procedure for fixation of some' organs and 
tissues (skin, cartilage, smooth imisele, liver, pancax'as). Gersli ap- 
plied the technique successfully to the' investigation of the c'xerc'- 
tion of uric acid and ferrievanide, the' eliemical natiir<‘ of intra- 
cellular constituents, and the intracellular distrihution of glycogen. 
Gersh also used the method for the preseixation of vitally, or su- 
pravitally, stained preparations wiiieh fade in fixation or are in- 
capable of satisfactory preservation by other mexms. He found 
that fixation of organs other than those just mentioned was less 
satisfactory, and that central ncrvoLis system material is exceed- 
iiigly poorly fixed, A series of very interesting investigations on 

* While this book was in press, a simple and relaticclv inexpensive freeze- 
drying apparatus fur mieruseopie sections was described Icy Wang and Cross- 
man in /. Lab. C/in. and Med., 3^, 292 (1949). Dry Ice and diinethoxytetra- 
glycol are used for maintaining the temicerature of the tissue at --31°C dur- 
ing drying. Use of this mixture witliout an excess of Dry Ic<? maintains this 
constant temperature for several days (Whkoff, Colicn and Grossman, Irwl. 
Eng. C/iem., Anal. Ed., 12, 92 (1040)), A cumentional Dry-Ice condenser 
is used for the removal of water vapor. 



116 • F R E E Z E - D R Y I N G 


these subjects was then published by Bciisley, Gersh, Stieglitz, 
Hoerr and others during tlie next three years.*’^'^' 

Goodspeed, Ubcr and Avery reported on inter(‘sting applica- 
tions in plant cytology. They studied particularly the character 
of fixation and l epoi-ted on chronKisome structure in lilium lon^i- 

Ill 1986, Hoerr introduced certain changes in Gersh’s technique 
for Altmann fixation,'^' These changes involved more rapid freezing 
of the tissue bv means of pentane chilled to — 131 ‘‘C, or isopentane 
chilled to -195"C. Dehydration was carried out quite slowly with 
the product at temperatures below -SO'^C, the tissue being per- 
mitted to warm very slowly from the freezing to the dehydration 
temperature. Paraffin was not used for embedding in inicrochcmi- 
cal studies. The lower temperature eliminated the greatest objec- 
tion to the technique thus far for cytologic studies, by reducing the 
size of the ice crystals in freezing, thus bringing the artefacts below 
the visibility of the microscope. 

Also in 1936, Scott and Williams’^^^ reported on “A Simplified 
Cryostat for the Dehydration of Frozen Tissues.’’ This was con- 
structed mostly of metal which permitted a dehydration tempera- 
ture range foi the product of 0 to —70 ^G, Scott and Williams claim 
low cost of operation. The apparatus is automatic in control of the 
temperature of the product and employs butyl alcohol and Dry Ice 
for the refrigerant. Thus we see that the entire trend is one of lower 
and lower tempeiature for the product. Scott has stated further 
that -2T C does not give particularly good results when one is 
iuteiested in the electrolytes found in tissues. The reason is that 
the eutectic point of many of the salts normally found in tissue is 
considerably lower than — 20 ^C. Consequently, it is impossible to 
keep them in a salt-ice equilibrium at — 20"G, 

Tbe theoretical temperatiir(\s of dehydration rim as low as 
-54.9°C, and even lower temj'ieratures would not he out of place. 
Hut for practical reasons it is very difficult to dehydrate tissues in 
these extremely low temperature range.s. The vapor pressure of ice 
becomes very low, and adequate differential is difficult to obtain; 
consequently dehydration is retarded tremendously. It would take 
about six weeks to dehydrate 20 grains of ordinary tissue at 
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for example. Scott'"" sets a drying temperature of -32.5 ’C and 
statas that this is not theoretically correct but that it is practical 
and feasible; in general, Scott found that it gave \ erv excellent re- 
suits. 

Richins^^^ has reported on the presentation of vnsfmiotor pic'- 
tiires in histological preparations by freezc'-diting. using direel 
microscopic observation of the srnaHest arteries and arterhdes re- 
sponding to stimulation by intravenous adininistration of anto- 
nomic drugs. The abdomen of a white rat is opened sudic'ieutly 
to allow extraction of a loop of duodenum. After drug administra- 
tion, the duodenum loop is frozen (juickh with l)i\ kv to piasseite 
the vasomotor picture. The frozen dnodemim is eut and inr/e- 
dried for fixing. Sections are then cut in paraifin at 10 mieron 
thickness and stained with toluidine him' and eosin; Hi eh ins ix'- 
ports that the physiological pictures are well pix'Sf'rvr'd. Wlu'n 
atropine sulfate was injected into the femoral vein, tlu' arl('ri('s in 
the sub.serosa and the arterioles in the submneosa of the gut w('r(' 
constricted. The capillary bed.s in the villi contained a ,s)))a)l 
amount of blood. After administration of ergotoxine phosphate', 
the arteries and arterioles were dilated and the' c'apillarv beds in 
the villi were eiigorged with blood. 


Food Pr()duct.s 

FRUIT JUICES 

Orange juice offers great promise for drying by suldiination. 
Not only are problems of juicing and of garbage' disposal ('liini> 
Mated in institutional use, in dinine cars and th(' like', Init de'hv- 
drated orange juice also offers a greatlv expanding market around 
the world where distribution of fresh fruit is im]n'actical)le. Tins 
applies also to the juices of many tropical fruits, such as those' of 
guava, naranjilla and papaya. Eyen dehydrated pineapple juice 
may be brought to the American jnarket with u flaveir whicli only 
those who have been fortunate enough to travel to places like Ha- 
waii have tasted. 

From juices of vegetables such as carrots, celery and peas an 
excellent product is obtained which reconstitutes in a few minutes, 
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with flavor comparable with those of frozen foods. With such prod- 
ucts as these, however, the cost of the operation probably prohibits 
displacement of fresh vegetables, but for special purposes and spe- 
cialty products there is wide opportunity. 

Pretreatineiit may be used, in the case of tomatoes, for example, 
to produce a puree, or in the case of orange juice to make a con- 
centrate, which may be dried. It must be borne in mind, however, 
that the quality of the final product is no 'better than that of the 
material as prepared for drying, so that no method of pretreatment 
or preconcentration can be used which will harm the quality. On 
the other hand, concentration may yield a product which, though 
satisfactory at the outset, lacks stability. Drying by .sublimation can 
then stabilize the product at a much reduced cost over drying un- 
concentrated material, with increased output from the more expen- 
sive sublimation equipment. A semi-works freeze-drying plant is 
now in operation in Florida. 

Many citrus concentrates, even when freshly prepared, are of 
such poor quality that there is little reason to dry them. However, 
by a new method of concentrating through slow freezing out of ice 
crystals and centrifuging, a satisfactory concentrate of 3:1 and 4:1 
has been obtained. This has high quality when dried, although not 
the full equivalent of the dried product obtained from straight-run 
fresh juice. Another procedure which has been found satisfactory 
is to use a low-temperature vacuum concentrate to which a propor- 
tion of straight-run fresh juice has been added. This returns some 
proportion of volatile, aromatic constituents, improves the quality 
of the concentrate and when freeze-dried has good flavor. Another 
procedure is to improve spray-dried powder by addition of freeze- 
dried crystals. 

By use of some such method of obtaining concentrate, suffi- 
cient product for a full year’s operation of the drying plant can be 
accumulated during the citrus-growing season. This excess product 
is held in the frozen state and is drawn upon as needed. As a result, 
the output of the freeze-drying plant is increased in two ways. The 
daily output is increased by drying a product of liigber total solids 
content, and the plant can be operated for twelve months per year 
instead of the five during the crop harvest. 
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A still further improvement in (piulity can result at lelatiselv 
low cost. Sufficient concentrating capacities may be installed to ac- 
cumulate a year’s supply during a period of the host two months of 
the growing season. It is known that early- and late-.season fruit 
from Florida, California, and other citrns-growing areas are not of 
optimum quality. 

With orange juice, it is often helpful to inchide a small per- 
centage of a gelatin stabilizer or oth n- similar suhstanee. Such a 
stabilizing solution mav he used, with sugar if desired, with prod- 
ucts other than orange juice. In the case of lemon and liint' juiees, 
however, another problem is encountered. The ratio of acid to 
sugar is high, and the citric acid is reduced to such a lo^^^ mois- 
ture content that its hygroscopic effect slowly carbonizes the sugar 
to a slight degree over a period of time. The product after recon- 
.stitution has an excellent llavor, but is uuattracti\'e in appearance, 
but this may be overcome by addition of sugar impro\(' tlu' acid 
ratio (U. S. Patent 2,471,678). 

In carrying out the process, the pvo(hict to b(‘ dried umst first 
he frozen. This may he done either by freezing lielorc' ]dacing it 
in the vacuum chamber, by self-freezing under \’acunm, or by a 
combination of those procedures. The csstmtial n'cpiireuient usu- 
ally is that freezing he rapid. Similarly, the proclnet may he 
sprayed into a high- vacuum chamher, the moisture of the small 
droplets being rapidly sublimed after fix^ezing. Varying propor- 
tions of the juice in this procedure are dried from the licjuitl state 
in freezing, depending upon the rate of input of heat at the same 
time that cooling is taking place to induce freezing. Ihese parti- 
cles may be allowed to dry while falling through a column, or they 
may be carried on a belt or similar device. In such fashion, eithti 
a seini-continiious or fully-contimious type of operation may be ef- 
fected. 

Burton has described^^^ a process which utilizes the spraying of 
a concentrate onto the warm water- jacketed walls of a vertical, cy- 
lindrical tank. A layer thickness is built up so that after freezing, 
a drying time of about six hours is required to complete the drying 
of the batch. Because a vacuum-concentrated product is used in 
this particular process, the final product is apparently not the 
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equivalent of fresh juice, since Burton slates that the reconsti- 
tuted powder compares in flavor to restaurant-type orange juice, 
which has been stored in a refrigerator for some time. The pres- 
sure of 500 to 700 microns which is used corresponds to a tempera- 
ture of -20° to -25°C for the plastic juice. Final blank-off pres- 
sures as low as 20 microns may be used for reducing the final 
moisture content' in the dried powder to less than 1.5 per cent. 

Instead of spraying, the liquid may be carried onto a belt or 
other arrangement by other means as at Massachusetts Institute 
(]f Technology, namely, by spreading with the aid of scrapers or 
doctor blades. By the use of continuous injection with such meth- 
ods and automatic unloading for removing the product into large 
vacuum reservoirs, semi-continuous operation may be effected. For 
fully continuous operation, high-vacuum locks may be used for re- 
moving the product from the drying ebamber.’^'’^ (In the M.I.T. ap- 
paratus, the product is below freezing even though there is appar- 
ent bubbling, as with penicillin. ) 

The product in contiminus operation may be carried, if desired, 
through a cooler zone to aid freezing, after which it is passed 
through a hot zone. The material finally may either be cooled be- 
fore unloading or unloaded while hot. 

Orange juice at temperatures of about freezing (just slightly 
below 0°C) does not become fully hard and brittle. As the tem- 
perature of the frozen product gets lower, however, the degree of 
brittleness increases. In dealing with concentrate, the higher tlie 
content of total solids, the lower the temperature before a fully 
brittle product is obtained. In freeze-drying particularly concen- 
trated materials, it is unnecessary to dry at temperatnn^s a.s low as 
those at which a fully brittle product exists. In fact, the drying may 
be carried out at temperatures as high a.s tho.se where the solid is 
still quite pliable and plastic. Under these conditioihs the product 
may even gradually “pufi” as the frozen material dries, Buffing fre- 
({uently is not complete until as much as 80 per cent of the mois- 
ture is removed, the end point of puffing varying widely with both 
the type of juice and the degree of preliminary concentration. 

A question often asked is, “Why does this condition not occur 
(luring freeze-drying of straight-run or unconcentrated juice to the 
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same extent that it does when drying ‘concentrate? All stages of 
total solid content are apparently passed through when drying the 
straight-mn juice.” The answer is that the drying of a frozen prod- 
uct is not comparable to the vacuum-drying of litpiids, since the 
ice layer in the frozen product recedes gradually. When drying is 
half completed there is an upper or outer layer of dry product; an 
under or lower layer remains, with an ice content the same as that 
of the original material. That is, the ice layer gradually sublimes 
and recedes, leaving an outer coating or framework of porous, .solid 
material to cover the remaining ice-containing laver. 

With respect to freezing the rate is not entirely a function of 
the temperature of the freezing medium, but rather a function of 
the rate at which heat is extracted from the product. By combin- 
ing the external cooling of the container with c^'aporative cooling 
through application of vacuum, a temperature f(n' rapid pre-freez- 
ing may be used which is relati\^ely high — even abo\e that at 
which desiccation subsequently is carried out. Self-freezing may 
be accomplished by means of the vacuum alone; but in this case, 
when the product is a liquid, it is necessary to combine the vac- 
uum with a preliminary degassing step. Tliis requires a gradual 
and controlled rate of evacuation? 

Juice is conveniently handled by piping directly into the freez- 
ing shelves of the dryer. The finished dry crystals can be removed 
by tilting the dryer trays or by other automatic means. When com- 
pletely dry, the product flows readily so that there is no difficulty 
with sticking. Therefore, even in batch processing there is little 
handling. 

When juices arc dried as concentrate a product is obtained 
which may be soft and pliable, or plastic, at higher temperatures, 
such as 50 or BOX, evem when they arc completely dried to a mois- 
ture content of less than 0.5 per cent to as low as 0.1 per cent. 
Therefore, when unloading such a product, it is advisable to lower 
the temperature somewhat so that a brittle material is obtained for 
handling. On the other hand, it is well to unload the product at as 
high a temperature as possible, to minimize the tendency to ab- 
sorb moisture from any atmosphere through which the dry product 
passes during packaging operations. 
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A typical How-sheet for vaciium sublimation of orange juice is 
given in Fig. 3.3. 

During drying, vitamin C is retained without loss. Therefore, 
through freeze-drying not only is a dried product obtained which 
has fla\’or characteristics fully comparable with those of fresh juice, 



Fig. 3.3. Flow sheet for vacuum sublimation of orange juice. 
Three dryers, operated as batch units on a time cycle, permit 
practically continuous operation. The juice Is de-aerated and 
frozen by the application of vacuum, then maintained below the 
freezing point, still under high vacuum, while heat energy is sup- 
plied by hot wafer circulated through the jacket and hollow 
shelves. Water sublimed from the frozen juice is condensed, the 
temperature of the condensing surface being maintained by the 
refrigerating cooler. The vacuum pump or steam ejector, or both, 
remove noncondsensible gases and air. 

but a highly nutritious product is available as well. The ascorbic 
acid content is well maintained during storage also. From about 
5°C up to 40 °C, with a moisture content of under 1 per cent, no 
loss in vitamin C is detectable over a period of a year. At higher 
contents of moisture (about 4 per cent) there is still little loss dur- 
ing storage in a refrigerator. At 4 per cent moisture at room tem- 
perature there is as much as 50 per cent loss in vitamin C in six 
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months, and at 40X it is over 80 per cent. Ho\ve\er, since tin* 
product becomes “caked" and loses its characteristics of .solubilitv 
and high quality of flavor at the higher moisture content, the loss 
of ascorbic acid is of no consequence. In other words, if the resid- 
ual moisture of content is below the point at which solubility and 
flavor are retained, then vitamin C is likewise^ well preser\'ed, ( 4 ) 111 - 
parable results have been found in other high vitamin C produets, 
such as dried tomato juice and pulp. 

MKATS 

The fact that freeze-drying has pro^ed itself so thoroughh' use- 
ful for biological protein products would lead one to helicue that 
excellent results might be obtained with meat. This is tlu' case*. 
However, successful results with moats are not (|nit(‘ as reasonabh' 
to expect as would appear on the surface of the matt(‘r. Since nu'at 
is a solid, or semi-solid, it is much more dense than the fro/x'n solu- 
tions of proteins like blood plasma and serum. ComK'cti\’(' tissiu^ 
and other fibers further alter the situation. In spite of thc'se facts, 
however, surprisingly satisfactory results iwv obtainable, particu- 
larly with ground meat products. Another dillerence is in the fat 
content of meat products. Of course, triminable fat mav be r(‘ino\ c“cl 
to a large degree, but dry meat products which do not ha\ (’ a high 
enough content of fat do not reconstitute to yield a savory and 
juicy product. The total content of fat should be in the range of 30 
to 40 per cent dry weight. 

Cost considerations of meats dried by sublimation are relatively 
attractive. The content of moisture to be remo\'ed is low with re- 
spect to the price of the product. As a specialty item fr('(’/.e-diied 
meats can command a premium price. Since storage under refriger- 
ation is unnecessary, it is a valued specialty in pantry storage for 
infant feeding, and for the unexpected guest; it is also practical for 
use on yachts, for campers and fishermen, and for many other pur- 
poses where fresh meats are ordinarily unavailable because of lack 
of even the ordinary degree of refrigeration. 

As with other products in drying by sublimation, the raw meat 
first is frozen. The icc is sublimed under high vacuum, leaving the 
solids of the original fresh product more or less intact in shape and 
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size. The dried product appears much like the original meat even 
in color. 

Because of the sub-freezing temperature at which dehydration 
is carried out, not only are there no changes in the molecular struc- 
ture, but bacteriological and enzymatic actions cannot occur. The 
loss of volatile components is almost nil. 

As will be discussed in Chapter 4, proteins have been studied 
after drying from the frozen state more than any other chemical 
species. Chemically, antigeiiically, immunologically and electro- 
phoretically, proteins have been sliown to undergo no change 
whatsoever either in drying or in subsequent storage. 

Fats, likewise, do not change chemically during drying from 
the frozen state, but they do undergo change with regard to their 
colloidal state of dispersion. Fats are lyophobic colloidally, whereas 
proteins are lyophilic. Because of this, proteins after drying in this 
way are taken back into solution rapidly and completely into their 
original form, whereas fats are not. For example, in blood plasma 
fat-like components, resulting from the diet of the donor, do not 
reconstitute, so that even though the protein of plasma restores to 
a perfectly clear solution, the fatty constituents cause a turbidity. 
Similarly, in meats, the fats do not restore to the original condition. 

Furthermore, fats will undergo oxidation even in the dry state. 
This affords no particular problem, however, since the products 
may be stored either under nitrogen or other inert gas, or in vacuo. 
Hydrolysis of fats does not occur, however, since the final moisture 
of content is reduced to a very low level. 

It is important that bacterial growth cannot occur during sub- 
limation because of the low temperature. Accidental contamination 
can always occur during any processing which is not bacteriostatic 
or bactericidal in action. However, the frozen state is bacteriostatic, 
and even if there were accidental contamination, there would be 
no multiplication of organisms. Only the grossest degree of con- 
tamination would be serious. After the product has been dried, the 
moisture of content is so low that bacterial growth cannot take 
place. 

The content of vitamins is well preserved without any loss in 
activity. Indeed, this very method of desiccation from the frozen 
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State is used by pharmaceutical manufacturers for presiu vation of 
vitamins of the B Complex in purified form. Such pharmaceutical 
preparations are used for parenteral injection, and this signifies tlu' 
extent to which reliance may be placed upon this superior nu^thocl 
of drying and of preservation. 

Experts and food technologists in the field of meat products 
agree that meats dried by this method after reconstitution are in- 
distinguishable ill flavor from fresh meat. This is true of ground 
beef, pork, and lamb. The fact that fats are h'ophobic does not 
adversely affect the quality of the final cooked product in anv wdw 
In fact, the coalesence of the lat particles, particularlv in the case 
of pork, accounts for the fact that upon cooking there is actuallv 
improvement in flavor. Whole cuts o( nn*at, such as thin stc’aks, 
may be dried, It appears, however, that the first apjili cation in in- 
dustry will be to ground raw beef and pork sausage' products. 

At room temperature in the range of 80 to 100 F for 18 months, 
raw beef, raw pork, and raw laml) ha\'e not shown anv dc'terioration 
in palatability or in ease of reconstitotion. Ihidc'r ordinary relrig- 
eration at 40"^ to 45’ F, the products will proliably kc'c'p indc'finitc'ly. 
At a temperature of 120" F, after about three wt'cks a gradual 
change sets in, but the meat is still edible alter thrc'C' months, .Mter 
three months of continued storage at 120 F, the product de\ el()ps 
what might be termed as a “brown fla\'()r, but if the nu'at is wc'll 
cooked, this is not noticed. In fact, some pcTsoiis have even felt 
that the flavor has been improved. 

In all cases, the above testing has been done with meat to which 
nothing has been added as filler wliieh could in any way alleet the 
flavor of the meat itself. 

It has not been necessary to add anything which would act as 
a binding agent in reconstituting the meat. On the' other hand, if 
desired, many of the usual recipes may be followed in cooking 
which call for the addition of egg and other ingredients to make 
special dishes. 

Ill summary, meats dried by sublimation aie sulficicntly sttibh' 
so that under ordinary conditions of distribution, no special atten- 
tion need be given to maintaining temperatuiu below that normally 
encountered in temperate climates. It would lie well, howc'xei, to 
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place some warning notice on packages, as is often done with other 
products, ''Store in a cool place.'’ 

It has been well established that for pure protein it is essential 
for the final moisture content to be reduced to below 1.0 per cent 
and preferably to 0.5 per cent for maximum stability. However, in 
the case of meat, a minor degree of denaturation of protein is of no 
importance, since the proteins are subjected to heat in cooking; 
hence this low minimum content is not nearly so essential. On the 
other hand, a low moisture of content does assist materially in 
extending the time over which a high degree of palatability is 
maintained at higher temperatures of storage. In any event, it is 
preferable to have a moisture content no higher than 2,0 per cent. 

As a result of drying by sublimation, there is now available what 
a few years ago would have been considered an almost spectacular 
meat product. Raw meat may be stored without refrigeration for a 
period of months and years without danger of spoiling or of bac- 
terial contamination. Within a matter of minutes the product can 
be reconstituted to produce a fresh raw meat containing all its 
original juiciness and flavor and ready for cooking in the usual 
fashion, 

Goresline has pointed out that dried and dehydrated foods 
have a remarkably clean bill of health from the standpoint of poi- 
soning and other infections. Dried foods are among the safest; 
however, proper sanitary precautions must be taken because some 
types of pathogenic bacteria are so well preserved in dried form. 
Of main interest is the fact that minor contamination will not result 
in gross multiplication during storage. 

OYSTKHS, CLAMS, FISH FILLETS, ETC. 

Oysters and clams may be dried, either whole or ground. In the 
case of oysters, the final product is naturally more satisfactory if 
dried whole. Since no problems are involved, this is the method to 
be recommended. It is important, as might be expected, that the 
oysters and clams be frozen immediately after opening. Deteriora- 
tion of such products is so rapid, even when stored at about 5°C, 
that there is no alternative to freezing. As a result of drying, there 
is some shrinkage and shrivelling of the whole oyster and clam. 
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Upon reconstitution, these products return to their original shape 
in a surprising manner. For reconstitution, it is adr-isable to add 
iced water to the oyster and clam packages (preferably tin can) 
immediately upon opening. The can should Ire kept cold for 15 to 
30 minutes to allow complete penetration of the restoration water 
if the product is to be eaten raw; if it is to be cooked, such long 
standing is unnecessary. 

Fresh clams for chowder or stow are always cut up or ground. 
For this reason it is better to freeze-dry the clams in tlie cut-iip 
form, since the final product then requiivs one less operation in 
preparation for cooking. With both oysters and clams the juice ma)- 
be dried at the same time, so that upon reconstitution of th(^ final 
product this also is obtainable in the original condition. Fig, 3.4 
illustrates a batch of oysters being dried in a laboratory pilot plant. 

Cod fillets and other fish fillets have hecm dried snccessfully. In 
the ca.se of such products, care must be taken in packaging to av oid 
breakage in shipment, since the dried product is liighly friahl(\ 

MILK 

The qualities of rapid reconstitution and flavor are such that 
dehydrated cows milk may some day find a wide marki't. hut lor 
goat’s milk there is an outstanding opportunity. It is a higher-cost 
milk product. A strong odor may develop in li(|uid goat’s milk 
during distribution. By drying from the frozen state, this odor is 
avoided and drug-store counters eventually may carry a product 
which people will find indistinguishable in taste from the cow's 
milk to which they may be allergic. Goat’s milk dried or concen- 
trated by other methods has an unnatural flavor. 

New methods of vacuum -con centra ting milk at low temperature 
above the freezing point have now been developed to yield a prod- 
uct which has a quite satisfactory flavor. Unfortnnatidy, however, 
before distribution this product must be sterilized; pasteurization 
is insufficient. Although pasteurization destroys pathogenic organ- 
isms, many others are not destroyed, which will cause detiuioration 
during storage of the evaporated milk. Sterilization is necessary 
even though this produces the characteristic unnatural flavcrr of 
ordinary evaporated milk products and therefore little advantage 




is gained from the new method of low-temperature concentration 
just referred to. However, such concentrates may be dried from the 
frozen state, thereby avoiding the necessity of sterilization. 

COFFEE AND TEA EXTRACTS 

Highly satisfactory soluble dry coffee extracts may be prepared 
by freeze-drying. According to technologists in the field the product 
is superior to that obtainable by any other commercial method 
available. To bring the cost within range, it is necessary to produce 
extracts containing 40 to 50 per cent solids. Such concentrated ex- 
tracts are obtainable commercially today; indeed, concentrations 
as high as 70 per cent have been reported. The dried product has 
excellent solubility characteristics; and because of the low temper- 
ature used in drying, most of tlie aromatic constituents are retained. 
Drying of the extract is similar in method to drying concentrated 
citrus juices. Cream or milk may be added to the liquid extract 
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before drying, although for general household use the added bulk 
of the dried product does not justify the combination ts'pe of prod- 
net. 

Tea extracts may be prepared in similar fashion. For pr('panMjji 
hot tea, there i.s, of course, little advantage in such a soluble product 
since tea-balls are so available. In the case of iced tea, howevcu', 
there is a dififerent situation, since the soluble product mav bt‘ dis- 
solved directly in cold'water ready for iiistant use. 

VEGETABLES AND OTHER PRODUCTS 

Peas, whole or diced carrots, beets and manv other vegetables 
may be freeze-dried. For ordinary purposes, how('\ (a', tlu' cost of 
production is prohibitive with relation to the value cd the products. 
There are certain specialities wherein the situation is different. The 
“eye appeal” of a reasonable proportion of freeze-dried peas in an 
ordinary dehydrated combination product sucli as soup has com- 
mercial value. Freeze-dried pea.s ai c excellent in appearance even 
in dry form, and when reconstituted are indistinguishalile in both 
appearance and flavor from the best of fresh or frozen peas. 

Barker, Cane and Mapson have' recorded results on the (jualit}' 
retained in frcczc-dried peas which agrees with ih(^ author's find- 
ings. They used peas previously blanched and then irozcai at 
about -20®C. Drying was carried out with the peas around - 10 C, 
using a -35°C condenser. The final moistnrf^ (‘oiiteiit of 2.0 to 4.5 
per cent was achieved, although generally a lower figun* was dv- 
sired. 

Barker et ah state that the dried peas kept (piite .satisfactorily 
when stored in either air or ihtrog(m, although better I'esults weri' 
obtained in the latter (with oxygen content lielow 1 pei cent), tlie 
temperature of storage being about 15"C. The peas are only slightly 
shrunken, are porous and have a low density. Uapid lecoiistitutiou 
is certain. Compared with frozen peas stored for the same period 
of time, the freeze-dried peas were of slightly b(‘tter cjuality, color 
and flavor being well retained in both cases. Little ascorbic acid, 
if any, was lost during storage in nitrogen-packed cans foi about a 
year, but 50 per cent or more was lost during the initial blanching 
operation. 
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Fresh strawberries, blackberries, soups, corned beef, and other 
meat hashes, cereals cooked in milk or cream, and tomato products 
offer interesting possibilities. Water, bot or cold, may be added as 
required. In the case of soups, the peas, carrots, and other vegeta- 



fig. 3.5, Typical freeze-dried foods: Beef, tomato 
juice, orange juice; peas. 


bles may be added in freeze-dried form to usual dehydrated mix> 
tiires. Similarly, proportions of beef, pork, fowl, etc., may be added. 
Indeed, such specialty products promise to be the first full-scale 
application of freeze-drying in the commercial food field. Fig. 3.5 
illustrates various freeze-dried vegetable products and juices. 

Industrial Products 

Bentonite clays and other materials have been dried with suc- 
cessful results in extending the surface of the colloid ( U. S. Patent 



APPLICATIONS • 13i 

No. 2,433,193), The possibilities of improving catalytic surfaces l)y 
influencing the extent and nature of the surface are of great ijiterest. 
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CHAPTER 4: CHANGES IN PRODUCTS 
DURING DESICCATION FROM THE 
FROZEN STATE AND IN STORAGE 


CHANGES winch occur in prciducts during desiccation may be 
considered on chemical, physical, and immunological bases, and 
on loss of viability of micro-organisms; finally, they may be consid- 
ered on the basis of loss of biological activity. This chapter briefly 
summarizes what is more fully discussed throughout the book. 

Of the various chemical species studied, proteins have received 
the most attention because of their importance in biological prep- 
arations, Generally, no chemical alteration detectable by ordinary 
methods occurs in most proteins during drying and during storage 
at temperatures as high as 40 for a period of a year or more. By 
means of electrophoresis and photographic records of curves ob- 
tained from the various components of plasma and scrum it is 
known that little or no change occurs. The electrophoretic patterns 
present a normal appearance with normal values.^ This is in con- 
trast with the results obtained with plasma which has been dried 
from the liquid state at about 40 or lower under vacuum. Plasma 
may be dried through cellophane bags from the liquid state at still 
lower tempera ture.“’^ However, the turbidity in the reconstituted 
product is so great that Scudder reports that it is difficult to obtain 
a picture. He states that there is a decrease in the albumin com- 
ponent, a marked change in the alpha, and possibly some change in 
the beta complex. 

When comparing the electrophoretic patterns of plasma after 
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H«y type of drying, the differences which occnr purelv as a rcsuh 
of filtration through bacterial filters must be borne in mind Scud- 
der has shown that the electrophoretic patterns of plasma before 
and after filtration, show a decrease in the fibrinogen component 
and an increase in the beta-giobulin complex. Otherwise, there is 
no marked alteration. Similarly, wliere centrifngation is used the 
temperature should not be allowed to rise appreeinbls-, since' tl, is 
can produce a far greater change than that which occurs as a re.sult 
of drying, regardless of the method of drving. Summarizing liis 
electrophoretic studies, Scudder has stated that' all processes \Oiieh 
do not dry from the frozen state .should be precluded, l.ecaiise of 
denaturation, where the serum or plasma is to be used a.s a snli- 
stitute for whole blood in transfusion. 

All .statements concerning changes which occur after drM'ng 
assume that the moisture content has been reduced tu tla* prifpi'r 
level. With sensitive materials it is e.ssejitial that th(' [■('.sidual mois- 
ture be reduced to below 2 per C(‘nt and preft'rablv below 0.5 per 
cent. Such products as penicillin and other biologieals ar(‘ reduced 
in some instances to less than O.I per cent cominerciallv. The edh^et 
of the final moisture content is illustrated in tlu' ease* of dijih- 
therial antitoxin by the data given in Table 3, pag(‘ 47. It is ('vident 
that at a temperature as high as 37"C, th(> drv antitoxin has satis- 
factory potency even after three years, whereas in licpiid form it 
falls off to an unsatisfactory level after six weeks. On the otlu'r 
hand, an incompletely dried product has poon'r staiiilitv than the 
original liquid, With 5 to 8 per cent inuistnrc a satisfactory potmicy 
is not maintained even as long as six weeks. Obtaining k)w mois- 
ture is not a problem in freeze-drying; in fact, since going to press, 
Makower and Nielsen in AuuJtjtiad Chemisinj, 20, 856-8 (1948) 
proposed the use of freeze-drving for analyzing for moistiin' con- 
tent of dehydrated vegetables, A large amount of water is added 
to a weighed dry sample. This is then .subjected to freeze-drying 
and upon completion is dried according to stanchud practice in a 
vacuum oven or vacuum desiccator. After freeze-drying, a much 
faster rate of drying occurs with accurate results being obtained 
uniformly with such products as white and sweet potatoes, meat, 
and carrots. 
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Slow solubility of concentrated globulin preparations after 
freeze-drying has been discussed in Chapter 3 and needs no further 
comment here, except to point out that it is only the rate and not 
the completeness of the solubility of untreated globulin which is 
affected. 

With the proper degree of dryness changes do not occur in 
other components during subsequent storage for reasonable periods 
of time even at relatively high temperatures, Sometimes evacuation 
is necessary, but not always. Fats show no chemical change during 
drying but undergo oxidation in storage and tend to become rancid 
if oxygen is not entirely excluded, even when completely and pro- 
perly desiccated and kept in a moisture-free condition. Hydrolysis 
does not occui'. Other chemical species have not been studied 
extensively, but in general this method of desiccation is as gentle 
as any and is far less likely to produce changes during drying of 
labile substances. Because the final moisture content can be reduced 
to such a low level without harm to the product, greater stability 
of the dry product is obtained than by any other ordinary method. 
Reduction to such a low moisture content by other mctliods 
usually results in loss of activity or solubility or other native char- 
acteristic, and is not practicably attainable for this reason. 

The stability of ascorbic acid has been discussed in connection 
with fruit juices in Chapter 3. For proper preservation of citrus and 
tomato juices in dry form the moisture cun tent must be below 1 per 
cent; otherwise, good quality in flavor is lost, as well as solubility. 
Similarly, unless the moistme content is below this level, there is 
loss of ascorbic acid after a period of some months at room temper- 
ature and above. 

Physical alteration of lyophobic sols tends to occur rather readily 
as a result of desiccation. This accounts for the precipitation of 
lipoidal substances in human serum and plasma referred to previ- 
ously. It occurs to a lesser degree with rabbit serum and is not no- 
ticed with horse serum. Likewise, many l^iacterial suspensions, 
unless properly treated with a protective colloidal agent such as 
milk, do not resuspend properly when reconstituted. Other sub- 
stances, such as lyophilic protein, have remarkable properties of 
rapid and complete solubility, even after storage for years. 
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The solubility of many products is increased remarkably as a 
result of drying by sublimation. Most notable of these is gelatin, 
ordinarily dissolved in hot water only, which dissolves rapidly in 
cold water after drying the solution by sublimation. Other sub- 
stances behave similarly. 

Immunologically, little change in either serum or antigens is 
observed. Crystallized egg-alhiimin, after desiccation of acpieous 
solutions from the frozen state, has been kept for four and five 
years without detectable change in antigenic specificity. Immune 
sera undergo no detectable loss in titer trom proc(‘ssing or from 
storage for years at room temperature. Perhaps as sensitis e^ an index 
of stability as any is the complementary activity of guinea-pig 
serum. Proper and complete drying of this product not only results 
in retention of activity, but in addition the complement is main- 
tained in stable form for a period of years.' In Fig. 3.1 is sliown tlu' 
results of five years’ testing. By addition of a stabilizing solution 
consisting of sodium acetate and boric acid to guinea-pig serum 
before drying, a product is obtained which keeps well and which 
also maintains its stability without clctt'ctable loss ot potc'ucy for a 
period of several days after restoration.' In smalUa- liospitals and 
laboratories this adds particularly to the convcaiience of using d('s- 
iccated complement. 

There is a loss of carbon dioxide during the processing of com- 
plement, but the resulting increase in pH has no ('Jlect on the com- 
plementary activity of the senim."^ Restoration with acid or bulka 
is imiiecossary. The alkalinity of reconstituted human scrum or 
plasma does not cause reactions and it is unrelated to the turlndity 
of reconstituted human serum. The lyophobic lipoidal constituents 
are the cause of this condition but they do not render the product 
unfit for injection. 

The turbidity does cause difficulty in carrying out precipilative 
reactions, as with rabbit-precipitin or in diagnostic tests for syphilis. 
This has been a drawback to the use of dry standardized syphilitic 
human sera for calibration or standardization of diagnostic test 
procedures. Such standard sera could facilitate the obtaining of 
test results from different laboratories for comparisons. The diili- 
culty with lipoids may be overcome by double processing with 
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intennediate Seitz filtration."^ At the time of filtering the reconsti- 
tuted serum after the primary drying, the titer of the serum may be 
adjusted by dilution to a desired point. It is then dried for the sec- 
ond time. The final dry, stable product accordingly has a predeter- 
mined definite titer and reconstitutes to yield a clear solution. 

In the case of many viruses there is a los.s in activity as a result 
of processing, hut the final desiccated product is well stabilized 
and no further loss occurs during storage.'*^. Viruses are in general 
more difficult to dry than other substances. The temperature must 
be maintained quite low during desiccation/'’ preferably well below 
~20"C. 

The proportion of viable cells remaining in cidtures of bacteria 
after desiccation from the frozen state is as little as 5 per cent, but 
the surviving cells keep well. The survival percentage may be 
materially increased by using a protective protein, such as milk.^^ 
Elser, Thomas, and Steffen' have reported phenomenally long 
periods of storage of dry, viable cells. H. influenzae has been kept 
for four years and H. pertussis for ten years,^^ even though both are 
organisms with which difficulty often is encountered in preserva- 
tion. Treponema paUidum and spermatozoa do not survive drying. 

The biological activity of many other .substances, such as 
enzymes," penicillin, certain hormones, vitamins and other labile 
substances, is maintained without loss both during drving and 
subsequent stoiagc. Biological activity as well as viability of micro- 
organisms is a far more sensitive index of the delicate nature of 
freeze-drying than any method of chemical assay for chemical 
components. With such little alteration in activity and viability it is 
clear that little chemical and physical change occurs during or 
after freeze-drying. 

The foregoing discussion assumes proper control of the condi- 
tions of freeze-drying. If for any reason a portion of the material 
undergoing desiccation rises above its melting point so that fusing 
occurs, deterioration may result. Not only may the solubility of 
such portions be greatly reduced, but chemical change and reduc- 
tion in biological activity are likely to take place. In a word, it is 
imperative to guard against slipshod technique during drying in 
order to realize the full benefit of freeze-drying. 
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MEDICAL PRODUCTS 


TYPES OF SUITABLE CONTAINERS 

WHEN freeze-diying was first applied to medical products in- 
tended for injection much consideration had to be given to the 
problem of suitable containers. Not only must the product be dried 
under conditions which permit asepsis to be maintained, but the 
containers must be sealed in such a fashion as to prevent ingress 
of moisture to the dried product. This requires a vapor-proof final 
package. Furthermore, the container must be readily usable by 
the physician for dissolving the product aseptically and placing 
it in a syringe for injection. 

The original procedure set up to meet the foregoing require- 
ments was one of sealing the containers under the original process- 
ing vacuum by fusing off a “Pyrex” glass exhaust tube with a 
flame.’ To facilitate this operation the filled containers were dried 
by placing them on a manifold of the type described in a later 
section in this chapter. These types of containers are still used, but 
in limited numbers commercially. The procedure has considerable 
merit, nevertheless, in biological laboratories for research. 

A rubber stopper in the container was the means established to 
afford convenient and aseptic use of the product by the physician 
with syringe and needle, Typical containers of this type are il- 
lustrated in Fig. 5.1. To permit sufficiently rapid and unrestricted 
flow of vapors from the containers during drying, the exhaust 
tubes necessarily must be of large internal diameter. To seal such 
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containers under vacuum, therefore, the exhaust tubes originally 
were specified to be of “Pyrex” glass/ Unless the large glass ex- 
haust tube is heated rapidly and pulled out vapidlv when soft, the 
glass will suck in, with loss of xacuum in the container. Only 



Fig. 5.1. Types of Containers and Exhaust Assemblies 
A, manifold stoppers; B, point at which glass is sealed off; C, thin 
membrane section of container stopper through which syringe 
needle is plunged, for introducing water at time of use; D. rubber 
tube-stopper with metal ring clamp shut off; E, rubber tube-stop- 
per with metal ring clamp open; E', miniature rubber tube-stop- 
per with metal ring clamp open; F, rubber tubing connection; G, 
sterilized exhaust assembly with cotton plug in tube, L, and pa- 
per wrapping around container stopper; L, glass exhaust tube. 

“Pyrex" glass will withstand the temperature sliock of this rapid 
heating and of rapid cooling without annealing. Tlie seal is made 
with a Hoke oxygen torch fitted witli a specially designed cross- 
fire attachment having very fine tips (Fig. 5.2). By careful slow 
and even heating of the tube on all sides at once, while pulling on 
the glass, an excellent seal is easily made with ‘Tyrex” exhaust 
tubes up to 5 mm internal diameter (Fig' 5.3). 
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When using the rubber tube stopper, annealed brass sleeves 
must be firmly squeezed with pliers which close with flat and 
parallel jaw surfaces and have handles about eight inches long. 
This operation may be performed better by using a special hand 
seal press which employs compound lever action to exert a high 
pressure. The sleeve should be squeezed down about 8 mrn from 
the flat part of the stopper (Figs. 5.1 and 5,3). The vacuum pump 
.should be run continuously up to this point. It is then turned off 



Fig. 5 . 2 , Cross-Fire Attachment 
for Standard Hoke Hand Torch. 



A, glass sealed with flame; B, rubber tube-stopper after metal 
clamp is closed and rubber is severed with scissors; B’, miniature 
rubber tube-stopper closed and severed as B; C, thin membrane 
section of container stopper through which syringe needle is 
plunged for introducing water at time of use; D, desiccated se- 
rum in amounts of 5 to 50 ml.; E, desiccated virus, bacteria, vac- 
cine, etc., in amounts of 0.1 to 1.0 ml. 
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and air admitted to the apparatus. The containers sealetl under 
the original vacuum are then remoN cd hv cutting the rubber tubi* 
with scissors next to the clamp. 

A later modification in the procedure' nuikt's it possible to ust' 
the same containers constructed ot ordinar\^ soft glass. This not 
onlv reduces the cost of the container, but eliminates the iuhhI ior 
use of oxygen in the flame for sealing. Such containers are il- 
lustrated in Fig. 5.4. The lowe'r tulu' can ies a stopper of standard 



fig. 5.4. Types of Containers 
A — where sealing tube Is constricted for final sealing. 

vaccine type. At the end of the process, if as(‘psis is not iu'e('.ssar\’, 
air is slowly admitted into the apparatus from tlie pump-side of tlu' 
desiccant chamber or cold condi'iiser, and becomes dry belou' it 
conic.s into contact with the dried biologic. Oik' by one the ton- 
taiuers are removed from the apparatus, tlu' exhaust tubes eon- 
.stricted at point A, and a .secondary x'acunm is drawn by diiect at- 
tachment to a vacuum pump. Direct attachment is mad(' to ('fleet 
rapid evacuation; evidence indicates that for ordinarv biologies a 
vacuum of a few millimeters is satisfactoiy. 

If asepsis is to be preserved the s('ahiig op'iation is modified 
slightly. For this purpose, Fig. 5.5 shows how the containers aia' 
attached to the apparatus. In Fig. 5.6 is shown the nu'tliod of as- 
sembling the container with the connector lubes, as well as tlu' 
arrangement of the parts for preliininau steiili/.ation. Dming tlu 
desiccativc process asepsis is maintained, as in the case with use of 
“Pyrex” containers. An ‘T connector is used somewhat more con- 
veniently, however, than the original “D' tvpe of connector tube. 
At the end of the process, to maintain asepsis, tlu' individual stop- 
cocks on the manifold outlets are turned off, one bv on(‘. Aftc^ a 
given stopcock is turned off, the rubber connector 11^ attached 
to the container (Fig, 5.5), is punctured at the point P by the 
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needle of a specially prepared syringe barrel (Fig. 5.7). Dry, 
sterile air is thereby slowly admitted; the exhaust tubes of the con- 
tainers are then constricted immediately; the containers are re- 
evacuated and sealed as soon as possible as described above. In 



f/g. 5 , 5 . Container Attached to Manifold 
M = cross section of manifold. V “ stopcock. R = rubber con- 
nector sleeve. C = container. S = “S” connector tube. P = 
point of puncture with air-dryer and sterilizer (Figure 5.7). 




Fig. 5 . 6 , Filled Sterile Container Assembly 
S = "S" connector tube. G = cotton plug. R = rubber connector 
sleeve. C = container — No. 1 is as sterilized before filling con- 
tainer; No. 2 Is as filled container and accessories are assembled 
before attachment to manifold as shown In Figure 5.5. 
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this way the more difficult techiii(jue of sealing exhaust tubes of 
“Pyrex” glass under “originar vacuum is circunn ented and asepsis 
is still maintained. 

The air 'dryer and sterilizer is made ready bv heating in the 
usual bacteriological hot air oven at 200 C for a half-hour, It may 
be made ready for use again with the next set of containers by re- 
lieating for a half- hour at 200 "C, which procedure not only steri- 
lizes it but regenerates i the calcium sulfate. Th(^ two ends should 
be kept closed with sterile rubber stoppers when it is not in use. 



Fig. 5.7. Air-Dryer and Sterilizer 
Syringe barrel with needle ‘'N" attached to it and filled with cot- 
ton “C" and calcium sulfate "D.” 

For preservation of cultures flint-glass test tubes M mm 0.1). 
which have been constricted before tlie desiccation of the cultnres 
may be used. This is possible because of the small volume of mate- 
rial to be dried, 0.05 ml being an optimum quantity. One-half (fl 
tliis should be a suitable protein, such as sterile .skim milk, scrum, 
inactivated scrum, gelatin, etc.; the other lialf may h(‘ the cultm<‘ 
as grown, or as concentrated by centrifugation. llu‘ techni({U(‘ 
used with drying cultures is discussed on p. 210. 



Fig. 5.8. “L” Triple Connector for Culture Containers. 

Tubes suitable for the preservation ot bacterial and viral sus- 
pensions are 95 inni in length and 7 nini in outsidi diameter. Before 
desiccation these tubes are constricted, the outside diameter being 
reduced to about 5 mm for a longitudinal distance ot about 1(1 to 
15 mm. Capillary pipettes arc necessary for filling them, w hetier 
the containers are filled before or after coiistnctiiig. After drying. 
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these containers may then be sealed under the original vacuum 
with a hand-torch similar to that described previously, using air in 
the torch in place ot oyxgen, Two or three such containers may be 
processed from a single manifold outlet by use of suitable glass 
conneetor tubes (cf. Fig. 5.8). 

Later it was found tliat rubber stoppers, even when coated with 
cement, do not adequately withhold water vapor from the product. 
Potency of active products was found to ♦decrease suddenly and 
une.xpectedly, and solubility was lost. It was discovered that over a 
long period of time, particularly under adverse tropical conditions 
of temperature and humidity, the permeability of the rubber 
stopper to water vapor soon raised the moisture content of the 
“dry’' product to a level above that required for stability.* It was 
shown that using ordinary high tempeiature incubators for de- 
ti'rmining tlic duration of potency with niblier stoppered con- 
tainers ga\'e misleading results because of the low relative humidity 
s('t up in the hot incubator. By controlling the humidity at these 
high temperatures in the incubators so that they would be com- 
parable to tropical condition.s, entirely different experimental re- 
sults were obtained. It was further shown that synthetic rubber, 
.such as neoprene, produced little difference in the final result. 
Fig. .5.9 sliows the increase in moisture which results from storage 
for six months under vaj ioiis conditions of temperature, both with 
the humidity uncontrolled and controlled at 100 per cent. Fig. 5.10 
illustrates corresponding results after 12 months of storage. All 
the determinations were made upon the contents of evacuated 
containers. These results were obtained with horse serum in 10-ml 
amoimts and are representative of what is to be expected witli 
other biologicals dispensed in small amounts, such as penicillin. 
These should not he stored with rubber stoppers for more than 
a few months under warm, moist atmospheric conditions. 

The amount of moisture passing through the rubber .stopper, 
as theoretical Iv would be expected, was found to be the same under 
conditions of 100 per cent relative humidity as when the con- 
tainers were stored under water at the same temperature. Although 
12 different compounds of rubber and neoprene were tested, the 
variation of the different compounds from the average curves as 
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shown was less than 8 per cent, indicating the hopch'ssiiess of using 
the materials for stoppers that were then mailable. 

The quantity of water vapor passing tlrrongh a gi\’cn size* 
stopper was found to be fairly constant in anninnts of seriiin from 



0 10 20 30 40 SO 

Storage Temperature -’c 


Figs. 5.9 and 5.10. Increase in moisture content of 10 ml, amounts 
of dried horse serum in rubber stoppered bottles — typical of 
other biologicals such os penicillin and convalescent plasma and 
serum. Relative humidity when uncontrolled in the incubators be- 
comes very low at the higher temperatures. 
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1 inl up to 500 ml. This is because the determining factor was the 
.surface area ajid thickness of the thin membrane in the stopper 
and because the product within the containers, at around 10 per 
cent moisture, still has low vapor pressure and considerable af- 
finity for water vapor. For this reason, on a percentile basis, the 
effect of storage is less pronounced with respect to increase in mois- 
ture content in terms of dry solids when the amount of total solids 
in the container is large, as for example with plasma. This is in 
contrast with the condition which exists when smaller quantities 
are used, as in cultures, guinea-pig complement, penicillin and 
other highly active substances. In these the percentile increase ol 
moisture in the solids is much more rapid as a result of the fixed 
amount of moisture entering the container. 

For example, compare a 10-ml amount of serinn with a SOO-nil 
amount of plasma. If, under certain conditions of warm, moist 
storage, the 10-ml of serum will take up to 8 per cent moisture 
content, the 300-mI amount of plasma will have its moisture con- 
tent increased only by one-thirtieth of this, or by about 0.27 per 
cent. The reason is that there are thirty times as much solid matter 
by weight in the plasma container as in the small scrum con- 
tainer, yet the amount of moisture permeating the stopper is the 
same, On the other hand, with penicillin, where the amount t)f 
solids may be only one-fifth as great as in the 10-ml quantity of 
serum, the moisture content could go as high as 40 per cent. A 
similar situatioji exists in the case of other biological materials put 
up in small quantities, such as viral vaccines, guiiiea-pig comple- 
ment, and the like. The moisture entering the container is to a 
major degree a result of permeability and not just a re.sult of mois- 
ture dissolved in the rubber.* Otherwise, the incrca.se in moisture 
content would not be dependent upon the relative humidity of the 
outside atmosphere as demonstrated," and as discussed above. The 
manner in which the increase in moisture resulting from the storage 
of rubber-stoppered vials is reflected in loss of potency is illustrated 


^ In the case of rubber stoppers used to close bottle.s dried in a chamber 
where the stoppers are not necessarily dried along with the product, as they 
are in use of manifolds^ the sterile stoppers after autoclaving must be dried 
by other means. This may be done by use of a vacuum oven, at approximately 
28 inches and 80 to 110®C, or by other suitable drying means. 
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ill Table 1. With products less stable than diphtherial antitoxin, 
the effect is even more marked. The humiditv ‘hmcontrolled’ is 
that resulting from wanning of the air in ordinar\- incubators at 37 
and 45“C under the usual seasonal conditions near Philadelphia. 
The contrast obtained in tests at relati\e humiditv of 100 per cent 
i.s striking. 

1’ A B L E 1 

toss IN POTENCY OF DIPHTHERIAL ANTITOXIN 
HORSE. GLOBULIN 

Stored 45 weeks in Rubber-stoppered \ 'ials. Initial Moisture 
Content -0.5^^ 


Tem.perature 

Relative liumiditif 

l\i!eneji 

CC) 

(C:) 

(units ])<'i' nd) 

Original 


850 

20 

uiK'onlr'ullcd 1 

850 

20 

100 1 

800 

37 

uncontroUed (low) 

800 

37 

100 I 

750 

45 

imconti'olled (vory low) 

800 

4,5 

100 ' 

1 1 

450 

As a result of these findings, two general t\'pe 

s of iioutainurs 


have been proposed to meet re(|uirements for tin' exclusion of 
water vapor and lor convenienee in handling bv the clinician. The 
one comprises the ordinary rubbcr-stO])pcrcd glass container cn- 
clo.sod within a hermetically sealed outer metallic container such 
as a tube or can. This was first put into practical operation in 1939 
and described the following year on the basis (4’ the S('veral years’ 
laboratory tests under various conditions.'* This is the typt^ of con- 
tainer which was adopted and used successfully in the United 
States and Canada for blood plasma and blood serum for the 
Armed Forces during World War 11, because it was considered 
best for products of this type.”* It is suitaljlc for penicillin. It has 
also been used successfully with convalescent serum for about ten 
years at the Philadelphia Serum Exchange at the Childrei/s Hos- 
pital, In the latter case, the size of package is small, accommodating 
10 to 25 ml of sennn, also vacuum packing is unnecessary. P'or 
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these conditions a hermetically closed collapsible metal tube is 
admirably suited for exclusion of moisture. 

Another container, well adapted to blood plasma and par- 
ticularly desirable for many types of products, including penicillin, 
is one which involves a rubber stopper sealed within the stem of 



Fig. 5.11. Containers for permanent exclusion of 
moisture from dried products. Container on extreme 
left is a collapsible metal tube with a special hermetic 
seal. The next to the right makes use of a vacuum 
sealed tin can. The two containers on the right utilize 
a special all-glass container carrying a rubber stop- 
per seated within the hermetically sealed stem. 

an all-glass hermetically sealed ampoule.'^ The high cost has lim- 
ited use of this container to more expensive products and those 
which are stored for long periods. Examples of these various con- 
tainers are illustrated in Fig. 5.11. 

It is important to consider the experimental procedure which 
may be followed in obtaining data such as the foregoing. This early 
work wa.s carried out at the University of Pennsylvania with the 
co-operation of Sharp and Dohme, Inc. and the West Company, 
Philadelphia. Rubber and neoprene were each compounded with 
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different types of filler and made' into stoppers. At that time, other 
synthetic rubbers W(‘re not readily mailable.' Th(’ lU’opiaaie mix- 
tures were prepared according to formulas determined after con- 
sultation between the West Coinpanv and lA 1. Dii Pont de 
Nemours & Coinpanv, Inc.. Wilmington, Delaware, The xarioiis 
compo.sition.s are shown in Table 2, 

'r A H L u 2 

COMPOSITION OF STOCKS* 

(Parts per hiiiulied) 

itKi Mi-' .r.ili /.e t ui; r,! ^;/.i !‘,in /}.' 


Riihher - ^ i o! : fil li ;i;i.n ;a) I (I ;0..j ii(i 

Nt'opretK' 0 U 0 n .'il d d d n si.:i f) ii 

SiiH'iir, su'colcr- 

;itnr,efc , .i iJ} ■ 'i I d..") II. Id I kid l.Vlil •' k' a.dH i 

Barium snlaik' . j 0 ' Id 0 ;M d II I) d d d 

eifiys ^ 0 i 0 : Ki : 0 Id d U.7I U.7 1 0.7 1 l-i.'l d d 

Vulcanized rape 

seed oil : II 0 (I d d .7.(0 I I I d .’i.ik' d 

Paraffin I () d : 0 (I d I d d i) d I d 

Kcsiri ' (J ^ 0 I I) d d (14 11 k()7 d (I 

Uiillapmlia,. . (I | 0 ' H d d (1 d (I d d H ;HI 

OthcrHllcr.s.. . 0 (I..7 7 \ ;W..7 d d d (I d d ; (I 

Degree (d liard- j 

ne.ss . . .' solM soil ; verv lend hard sofi vcr.v haid m.H J soil soil soil 

i I hard : hard 


* InfoniKition hy T1 k‘ W'csl (.o. 

t Fast cuif 
t Too soft to u.sc 

Laboratory storage of serum at ele\ate(l t(‘inperatiires (37 to 
50"C) in Philadelphia, where th(‘ norma! indoor temperatiiK' is 20 
to 3()”C and the relative humidity \aricN Irom 20 to 90 per eeut, 
gives rise to a variety of conditions, usually I airly dry at th(‘ higher 
incubator temperature. 1 he couditious' are dry also at artificially 
elevated temperatures even in tlie summer when tlu' ontsich* air 
is at a high relative humidity. 

To meet the wider range? referred to al)o\'e. the ti'sts wviv car- 
ried out under two sets of conditions of relatix’c humidity. The first 
was under the varying conditions produced by the seasons in con- 
trol led-temperature \ aults, and will be referred to as normal rela- 
tive humidity/' The second was close to saturation. The satniated 
condition was estalilished by placing large’ numbers eif containers 
in large sealed jars; the be)tte)ms of the jars were* ceive^renl with a 
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thin layer of water. Jars were placed at three temperature ranges, 
20 to 30^ (underground vault), 36 to 38°, and 45 to 50°C, At the 
“normal” humidities storage was carried out at 2 to 4°C, in addi- 
tion to the above three temperature conditions. The actual “nor- 
mal” relative humidities, as measured by wet bulb depression, are 
shown in Table 3. In addition a number of containers were stored 

TABLE 3 

VARIATION OF RELATIVE HUMIDITY CitITH TEMPERATURE 
UNDER THE CONTROLLED “NORMAL" CONDITIONS OF 
THE INVESTIGATION 


Temperaiure 

liclatm Humidity 

C) 

(%) 

3-4 

50 70 


i 50-90 

36 38 i 

30-37 

4.5-50 

8-15 


under water at 37°C. In all this work 25-ml containers were used. 
Preliminary experiments were carried out with necks of dilTerent 
dimensions to determine the optimal relation of the size of the neck 
to size of stopper. 

For air permeation a large number of stoppered empty 25-ml 
glass containers were evacuated and then sealed under vacuum. 
The air leakage was determined during storage, initially at weekly 
intervals, later at monthly intervals, as follows. Water from a 
syringe was allowed to be drawn into the container by the remain- 
ing vacuum; the volume of watei' thus drawn in was recorded. The 
container was then opened, and the volume of water necessary to 
fill it completely was measured. From these values was computed 
the “percentage of vacuum remaining.” This procedure eliminates 
errors in computation from slight variations of container size. Two 
containers were opened at each interval, and tin? average readings 
obtained after these intervals were plotted against the duration of 
storage; the curves plotted were all smooth, indicating gradual and 
progressive reproducible changes. 
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Jn determining the permeiition of moisture the Siimo style of 
contamer was used on 10 ml of normal horse serum x^^hicli liad been 
dried on a manifold-type of equipment, as will l)e described in a 
succeeding section. At the end of the process the containers \^'ere 
sealed in vacuo. Containers \vere opened at inter\als in order to 
make moisture determinations by the method of Flosdorf and 
Webster/ The results bas e been plotted in Fig. 5.12. 

The stoppers used are illustrated in Fig. 5. Id and are of tin' 
following description: No. 57, a stcqiper w'ith a hole, for the' glass 
exhaust tube which is sealed hy fusion, and a thin membrane sec- 
tion for piercing with a s)ning(' lU'C'dk'. No. 137, iIk' saini' as No. 
57 except that it carrit's an integral niblx'r tubular ('\tensi(Mi, to be 
sealed with a metal clamp, instead of the hole for glass tube. This 
rubber tubular extension pi'ovid('s a considerabh' area of thin 
rubber which offers little resistance to permeation. No. 72, the same 
as the No. 137 except that it has no special thin membraiu' section 
for piercing with a syringe needle. The tubnlar extension b('low tlu* 
metal clamp is used for this purpo.se. No, 73, the same as No. 72 
with the exception of lesser dimensions for smaller contiiiners with 
small necks. 

Leakage through the clamped end of the No. 137 stoppcTs (and 
■ other tubular types), had it occurred, woidd have invalidatcxl enn- 
clusions concerning permeation; such leakage, how('x(’r, has beem 
found to be negligible. This was determined hv coating witli 
Picein cement: first, the end of the cut tubular extension up to and 
including the clamp; second, the eiitir<’ tubular extension; and 
third, the entire stopper. The results are tal)nlat{'d in Tahh' 4. 
Permeation is appreciably retarded only when the entire tubular 
extension is coated, and further retardation is not appreciable ev('n 
if the entire stopper is coated. Furthermore, wlu'n th(' metal clamps 
are removed from the uncemented tubular extensions afh'r a period 
of several weeks, it is found that the rublic'r and neo]:irenc tubing 
has been tightly .sealed. Anv small error tfiat might be introduced 
in this wav in comparing the various gums is negligible Ix'can.se all 
the gums haxe had the same treatment. 

The te.sts with small ampoules ha\'(' shown that the bodies ol 
the stoppers xxdiich wer(' pierced xvith a syringe needle have given 
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RELATION-OF'TEMPERATURE -TO-AIR- 
AND-MOISTURE-PERMEAIION'THROUGH 
■ MEMBRANES • E MM. THICK-6MONTHS- 



■LEGEND- 

f!— o N’ 100 STOCK 

fi ^ N'lZ? 

® -a N“fefcF 

a — ^ — a N”39B 

oJ « M°75G « 

• INOICATLS THAT ObSLRVED 
READING fbON EACH Of 
THE CURVES PASSING 
THROUGH THE- POJNT 


GROUP! - MOISTURE AT 100* 
RELATIVE HUMIDITY 
GROUPI- MOISTURE AT'NORMAL" 
RELATIVE HUMIDITY 
GROUP IT- AIR, 


Fig. 5.12. Air and moisture permeation through rubber. Con- 
cerning the air and water vapor pressure diFferentiais, see data 
for No. 72 stopper in Tables 5 and 8 and footnote, page 160. The 
fact that at the higher temperature, particularly in the case of air, 
the differential is less would make the curves steeper were they 
corrected to a constant differential. Inasmuch as the quantity of 
air and moisture which has undergone permeation has been so 
nearly the same in the case of all the stocks (nearly constant 
residual moisture content of the horse serum and percentage vac- 
uum remaining after any given time interval), the differentials 
may be taken as changing at about the same rate for all the 
stocks. Therefore the data as obtained furnish directly a satis- 
factory basis for comparison. At 0^' the air pressure differential 
is approximately constant at 752 to 8 mm. or 99 to 1. 
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a further indication of the tcMidcncv of rubber to seal itself. The re- 
sults show that the compression of the rubber within tlie necks of 
the containers is sufficient to seal the hole and maintain the \ acuum 
during the storage period as well as though the stoppers liad ne\'<'r 
been pierced. 



W51 N®137 N'72 



SEALED -TUBE- 



Fig. 5.i3, Containers and Stoppers 
A. Glass sealing tubes through stopper No. 57. B. 

Integral rubber tubing extension on stopper No. 137 
is sealed by the metal ring clamp. 

Since the leakage through the cut (‘iid of the extensions on the 
.stoppers is at most relatively small, the ])ernK‘a(inn through a unit 
area of rubber 2 mm thick may he caleulatt'd as a first approxima- 
tion. The amount of moisture and air passing through the body of 
the No. 1-37 stopper has been determined u'ith stopper No. 57, 
and in this wav the permeation through the tubular rubber ex- 
tension of the No. 137 can he calculated. The actual volumes of 
water, calculated as \-ap()r at standard conditions (760 mm Hg and 
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273'''A), passing through a unit area of the tubular extension of 
aa tain of the stocks, have been plotted in Fig. 5.12 and compared 
with air permeation. These results cover a six-month period under 
varying conditions of storage. The curves show that the permea- 
tion of air is definitely less than that of moisture under all condi- 
tions, with all the rubber stocks and with neoprene. The degree of 
permeation to moisture is dt'pendeiit on the relative humidity and 
on the temperature. At .saturation the temperature coefficient of 
penneation to moisture is exceedingly high. 

Tht: permeation of air and moisture through the stocks not in- 
cluded in Fig. 5.12 falls in every case within th(^ limits of that for 
the two extremes illustrated. It is (evident, thmcforc?, that the com- 
position of the stocks does influence the permeation, but not to the 
extent that might have been expected. Furthermore, the effect of 
changing from rubber to neoprene is of e\^en .smaller magnitude 
than changing the other components, except in the case of air 
permeation. These obserx'ations are not inconsistent with the re- 
sults of Starkweather and Walker,^ who showed considerable in- 
fluence of other ingredients, particularly rosin (as iii No. 142 
stock), upon the water absorption of neoprene. Thev tleiuonstrated 
that the absorpticui is rapid in the initial stages. In experiments, 
where a large diiferejitial in vapoi- tension on the two sides of the 
membranes is being maintained,* it is not inconsistent to obtain 
similar rates of permeation, exen thougli within certain iiarrow 
limits the equilibrium concentration of water within the membrane 
x'aries. 

In the case of air, neoprene exhilnts greater re.sistance to 
penneation than any of the rubber mixtures. Of the two neoprene 
mixtures, No. 750 was superior; No. 100, having only pure gum, 
.sulphur, and accelerator, hec'aine considerably less resistant to 
moisture at higher temperatures. 

A very interesting observation was that serum in containers 
stored under water at 37'^C did not increase in moisture content 

’ Although IK) duteniiiocitioiis of \ apor pressiiro luu c hmi iiuulc, tlie hy- 
gruscoiHc t4ect of the Lyopliilu nornial horse-serum is evident by the ob- 
scrx’ution that its moisture content will be increased by as much as i per cent 
of its weight in one minute when expo.si'd directly to a relative humidity of 
68 per cent at 25'’(1. (Reference 7). This rate may be taken as a qualitative 
indication of low xapor pressure, 
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any faster than samples stored in air at 37' Cl and 100 per cent 
relative humidity. In otlicr words a relati\’e hnmiditv of 100 per 
cent caused as rapid a permeation of moisture as storage undra- 
water, which theoretically would he expected. 

TABLE 4 


air leakage 

THROUGH 

TUBE 

•STOPPERS 

STORED 

AT 3 ' C 




Vacuum Ucmaiiiiu^r 



Sforai/e ; 


Pirein (' 

euHoif 


Stopper"^ 

Period 

Xoue 

Tips Ouh/ 

'I'lps utnl 

Entire 


Mouths 

) 

(.VI 

Tithes 

V<) 

Stopper 

(/(A 

No. 73t 

q 

()(» 

(ii) 

SI 

81 

No. 73t 

4 

OU 

:)3 

1)3 

(),7 

No. 1.3? 

4 

87 


<)4 



No. 66F stock, 

f The cant;iiners into which stoppi'rs \(i, Vo were in.s(’rte(l ;ire 2 ml in 
volimie. This increusi's the propnrlioiuil kiss in wicniim wliieh is due to air 
dissohed in the rnh])('r. 

It was obserx'ed that the neoprene mixtures lo.st their elasticity 
upon storage. The holes under the thin memhraiu's eollapstal alt(T 
a few months of compression within the lu'cks ol tlu' container. 
One container stored under water for six months drtwv 0 ml ol 
water in around the edges of the neopreiu' stopper (No. 75C1). 
This was the only instance of such an occniTcncc. 

As an indication of the relative ellecliveness of th(' two styles 
of stopper, the actual percentage of xacuuui remaining in th(‘ con- 
tainers after six months of storage' is given in Table 5. and the 
moisture content of the scrum in Table 6, Data have be(*n included 
only for No. bbF, which the author believes to be' generally the 
best stopper. The latter decision is liascd on general workability, 
lack of cracking, freedom from small holes, etc., inasmiicli as 
several mixtures gax'c similar results in the tests on air and mois- 
ture permeability. The permeation ox'er a period of 12 months is 
shown in Tables 7 and 8, 

It is evident that under controlled conditions of .storage in a 
refrigerator, the No, 57 stopper appears to be satisfactory for pro- 
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TABLJE 5 

VACUUM REMAINING IN R U B B E R - S T 0 P P E R E D LYOPHILE 
SERUM CONTAINERS AFTER SIX MONTHS OF STORAGE* 


A'fK (t<)F Siock 


Vacuum Remaining 

Stopper 2 to .'(^C 2<V(’ 

No. m m v:,) 

.)?■ !)8 !)7 ‘ Dl {IS 

Hi 8.-5 48 


^ Tile air pressure differential on the two sides of tlu; iiicnihrane at any 
gi\'en time is obtainable directK’ from the table by subtraeting the corre- 
sponding percentage from 100; the ratio (4 the remainder to 100 is the 
differential. 


TABLE 6 

THE MOISTURE CONTENT OF LYOPHILE NORMAL HORSE 
SERUM AFTER SIX MONTHS OF STORAGE* 

JOT TT TT 

Siopiu’j t NRIJl NRH UHf/c RIH XR!l /of/, , //// XRII KXJ'i Rfl 


iVu. 

(7c) 

(^7) 

(7U 

(^7) 

(^(■) 

("71 

(^7) 

j7. . . 

().!) 

1,4 

1.4 

1.8 

8.7 

l.S 

t.4 

7^ . . 

l.u 

4.0 

J.ff 

4.1 

11.1 

8.0 

14.1 


“ Concerning the water ■\ apor differential on the twc) sides* of the mem- 
brane, see footnote on page 100. 
f i\(>. 6fiF stock. 

f \HH ~ “normal” relati\e humidity, 

§ RH = relative humidity. 


tection of biologies for one or two years. Wliether or not tlie 
stopper is satisfactory for conditions of shipment clepeiuLs upon 
the length of time under adverse conditions. For penod.s of a few 
weeks, under \^erv adverse conditions,, tlie permeation of air and 
moisture through the No. 57 stopper does not seem to be too 
serious. Tc.sts on duration of potency have indicated that a residual 
moisture content of 2 per cent inay be tolerated, but that an upper 
limit of 1 per cent is better. Initial moisture must be reduced well 
below thi.s to allow for some increase, For greatly extended periods 
of storage, especially under ad\'erse conditions, an all-glass con- 
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tainer is preferable, althorigli it,s use by the phssieiiin is not so 
simple. 


TABLE “ 

EFFECT OF TIME ON MOISTURE DIFFUSION INTO 
RUBBER. STOPPERED lYOPHILE SERUM 
containers 



Triiijii'r- 


dritiiiiiil 

.Vf>. iit;y siad- 
lliniihiiil \tni.iture 

1 : i; 


, 'flapper 

(iliirr 


Wni- 

M until ]lillltll!t 


So . 

cv) 

11 It mill ill/ 

1 i i'', 1 



S7 

i to i 

Nu.n. ' 
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O.s |>!> 
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l.'t 1.3 
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37 

lUO It 11 
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Watoi" 

O.A t.O 

()..7 il.'i 

l.t; M) 3.7 

I.S l.!l 3.1 

H.tl 

li.1 


h) 4 

N.it.n. 

ll..") 

I..7 

L3 


:i7 

N.K.Il. 

I).'] 

1.3 1.1 

1.1 


37 

1110 itn 

11.) ■>..) 

1.1 (i.,i 11.1 

17.11 

- 

37 

uiiflcr 

tMilcri 

II..7 3.(1 

'r A n L K 

1.3 (i.i I*,:. 

17.1 


EFFECT OF TIME ON AIR DIFFUSION INTO 
RUBBER-STOPPERED LYOPHILE SERUM 
C ON T A I N E R S 


A i>. fiCiF Slorl: 



Temper- 


/ 


7 

?; 

t! 

Stdpper 

ature 

Il'crh- 

Month 

Months 

Months- 

M( HI fits 

.Months 

No. 


('(.) 

(' ( ) 

(S) 

(S ) 

(‘f ) 

d() 

.57 

'1 to t 

!)!> 

})}) 

1)1) 

1)1) 

1)8 

1)0 


,S7 

‘Ml 

1)1) 

118 

1).3 

1)4 


70 

to 4 

!)8 

1)() 

1)4 

!)1 

S.3 

<5.3 


37 

1)3 

8.3 

77 

.3(j 

4:; 

17 


The No, 72 stoppev is satisfactoiv as a teniporarv seal if the 
storage is under refrigeration and not in exwsss of six months. The 
stopper is unsatisfactory for conditions ordinarily met in shipment. 
A well compounded rubber mixture appears to be fully as satis- 
factoiA' for sealing dr\' biologies as one of neoprc'ne, 
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Fig. 5.14, A low-cost, rub- Fig. 5.15. Here the cap is Fig. 5.16. Seal disc is 

ber stoppered penicillin removed, exposing the lifted to expose the rubber 

container which has the aluminum seal and tear stopper ■ which may be 

stopper protected by an tab, pierced with a hypodermic 

aluminum seal and cap. needle to make the solu- 

tion and to withdraw it. 

Initially, penicillin was dispensed in all-glass ampoules. Since 
about 1944, however, the all-glass ampoules have been given up 
by almost all inannfactuiers. Also, since that time, the price of 
penicilliu has been greatly leduced and, in an effort to hold this at 
a ininimiim, competition has forced the elimination of the more 
e.vpensi\e Hajiie-sealed ampoule in most instances. An ordinary 
moldc'd type of bottle or \ ial is used (some bottles prepared from 
tubing). Then an ordinary riibber stopper is used as a closure, and 
is protected by ineaiis of au aluminum metal cap. This type of con- 
tainer and its use an^ illustrated in Figs. 5.14, 5.15, arid 5.16. More 
recently, this same kind of closure is being applied to eontainers 
used for other ])rodLicts including freeze-dried blood plasma. Most 
cortaiiily with plasma, satisfactory la^sults eair be obtained and the 
largo tin can eliminated for all ordinary ];)cacc-tiine conditions of 
storage. 

PRE-FREEZING 

For carrying out the freeze-drying process, the product to be 
dried must be frozen. Pre-freezing may be accomplished by means 
of external cooling or by yaciium evaporation to induce Aself- 
freezing,” In early applications of freeze-drying the former pro- 
cedure was used with the aid of a bath of Dry Ice in alcohol. 
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methyl “Cellosolve," or other suUents.’ The physical shape ami 
position iij which the products are frozen in the container are 
highly important. The layer of frozen material slioiild be kept as 
thin as possible consistent within a container not unreasonably 
large. The evaporating area should be kept as large as possible. 
In general, a volume of product not in excess of about 50 per cent 
of the size of the bottle should be used. During the war the xoluine 
of blood plasma was prised to 75 per cent of the capacity of the 
bottle, but this was a special case. The inilitar\' ad^'antage of 
the smallest possible package under war conditiems is worth the 
premium in the added processing cost due to thick lavra s and small 
evaporating surface. 

There arc four general shapes or positions in wliieh products 
usually arc frozen: ( 1 ) “Hat" freezing, in which the bottles or vials 
are placed on their sides for freezing; (2) “slant" irei'/ing. in whieli 
the botth; is raised slightlv at the neck or month end to prr'veut 
the product from running out of the container before frer/ing is 
completed; (3) "plug" free/.iiig, in which bottles are allowed to 
stand upright with the material frozen on the butluni; (4) “slu'ir 
freezing, used in cases where any om^ ol tlic three preceding 
methods would result in too tliick a layer or t(K) small an cN aporat- 
ing surface. This is generally necessary where relativc'ly large 
volumes are dried per container, as with blood [)lasma, in which a 
single unit consists of 300 ml. The containers arc rotatc'd in tlu' 
freezing bath so that the frozen material assumes llic lorm ol a 
partial or complete shell around the iiitKM' periphery ol the coji- 
tainer. This is particularly advantageous when tin* product cannot 
be dried within 24 hours unless the layer is made tliiniier by 
“shelling.” When dealing with smaller amounts per container, in 
which drying is readily completed witliin a 24-h()iir cycle without 
shelling, the added manipulation and labor are normally unjusti- 
fied. The possible exception to the last statement is that since the 
solubility of products drical from shell-frozen form is more rapid, 
because of greater exposed surface, there i.s an ad\'antage in .sliell- 
freezing those whicli have poorer solubility, e.g., concentrated 
globulins. With small amounts per container, shell freeze increases 
handling problems to avoid thawing during loading. 
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Fig. 5.17. Freezing Bath End Section 
N, insulation of felt or rock-wool; M, false bottom support for 
containers; K, Dry-ice in Methyl Cellosolve; J, support for con- 
tainers and for rocking the containers during initial freezing of 
serum; H, end of slots into which the L exhaust tubes fit; C, thin 
membrane. 

In Fig, 5.17 is illustrated an early type of freezing pan used in 
freeze- drying.^ Provision was made for “rocking” the containers 
while being “flat” frozem. This fonned a hollowed groove along the 
longitudinal axis of frozen material, re.sultirig in increased evaporat- 
ing surface and a thinner laver. Fig. 5.18 i.s a photograph of an 
actual pan of this tvpe. 



Fig. 5.18. Freezing Pan. 

Where products are dried on a manifold exposed to room air, 
the shape of the container must bear a definite relation to the 
amount of product and the form in which it is frozen. Drying on 
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an external manifold affords the major means of controlling the 
temperature of the product during drying/ The e\aporaling sur- 
face aiea must be adjusted so that it gi\ es a satisfactory ratio witli 
respect to the surface of product adjaamt to the glass\\'all of the 
container. At the latter surface, h(^at is absolved from the atmos- 
pheie, which countci balances the loss in latent heat of sol)! i mat ion 
upon evaporation of the ice. The more nearlv the ratio iff' these 
surfaces approaches imity, the greater the factor of safety with 
regard to thawing during desiccation witli exposure of [hv con- 
tainer to warm room air, although a \ aluc as liigli as 2.0 is satis- 
factory (assuming optimal conditions otherwise), Tlu‘ amount of 
evaporating surface sliould be proportioned to the volume of th(' 
product in a ratio of at least 1 to 2 s(| cm area p('r ml of seniim 

When drying is carried on within vacuum chamlx'i s, the amoimt 
of heat reaching the bottled product is iitok' readilv coiilrolU^d, In 
such instances this ratio becomes less critical. For rapid drying 
cycles, a major (h'x'iation Ironi tliese ratios cannot Ix' allowed. 

When small volumes, particularlv those under 1.0 ml p(‘r eon- 
taincr, are being dried there is danger of thawing ladoix' tlu' con- 
tainers arc all attached to the manifold and (‘vacnation carried out. 
Consequently there is an ad\’aiitage in placing a free/ing l)at!i 
around the containers after attachment to llie manifold. AWt 
evacuation has been completed the fixav.ing li(|nid slumld b(‘ i‘(‘- 
moved so that drying may be acc(Oerat('d bv warm air. 

“Sheir freezing mav be carric'd out bv liand rotation of the 
bottles in a freezing bath for small-scale purpose's. A small shelling 
machine, typical of those used lor large production, is ilhistrate'd in 
Fig. 5.19. The Imttles are rotated mechanically and tlu' hath is 
chilled with “FreoiF refrigeration. WarreiF has dcscribe'd a re'la- 
tively simple type of shell-freezing unit suitable' for smalle'r size 
ampoules. This is illustrated iii Fig. 5.20, showing front and side 
views. The entire alnminnin rotor is me'chanicallv rotated, tlie 
lower portion being immersed in a Dry lee-chilled liepiid bath. 

Greaves in 1942'" described a nenol method of she'll-fre'ezing bv 
spinning. This lias become' known as “spin-fre'czing,'’ although tlie 
physical shape of the product is about the same as tliat obtained by 
rotation in a low tempe'rature liquid bath as just de'seribed. Greaves 
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stated that spin-freezing gives a product which after desiccation 
has somewhat superior qualities of reconstitution. The method was 
applied successfully during the war in some parts of Canada and 
the U. S. and in England for plasma production. 



Fig. 5 . 19 , A typical Shelling Machine. 


Blood scrum or plasma in 400-cc amounts per container is .spun 
with the bottle on its vertical axis at a speed of 900 rpm in a cold 
room maintained at — Under these conditions, a cone is 
forced down thiough the bottle, which finally produces a hollow 
core along the longitudinal axis. The liquid forms a shell on the 
inner periphery of the bottle, where it freezes, thris exposing a 
maximum surface for evaporation during the drying proce.ss, to- 
gether with a minimum depth of frozen material in the particular 
bottle used (Figs. 5.21 and 5.22). Under these conditions, the 
product freezes as small crystals and it is this property to which 
Greaves attributes the reported superior solubility, Similarly, spin- 
ning within a vacuum drying chamber (Fig, 5.23) permits shell- 
freezing by vacuum alone and without a preliminary degas.sing 
step ( to be discussed later ) . 



Fig. 5.20. Warren Shell-freezer for Small Ampoules. 
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COMtrr.SV t>F K. I. X. GREAVES 

F/g. 5 . 21 . Stages in the Development of the Cones during Spin- 
freezing. This series of photographs was taken with an interval 
of approximately 4 seconds between each exposure. 

Inasmuch as any one of these types of machines for shell- 
freezing (except the last) requires operation for a good many 
hours before a sufficieiit number of bottles is accumulated to charge 
a drying chamber, a cold-storage room is necessary, The bottles are 
placed in this room until the proper number has been accumulated. 
The temperature of storage for most products should be below 
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Fig. 5.22. Vertical Spin-freezers in the Freezing Room of the 
Large Drying Plant. This cold room is maintained at — 18 C. by 
a current of air which is kept circulating over the brine coils; 
these are behind the diaphragm seen at the far end of the room. 
There are three spinners, each of which can take 36 M.R.C. trans- 
fusion bottles, a total load of 108 bottles per run of two hours. 

— 25' C. Just how low temperature is re(juiml depends upon 
conditions existing in a particular plant, particiilarlv with regard 
to the length of time the containers are exposed to temperatures 
above freezing during th(‘ tran.sier to the drying chambers and 
during evacuation. 

With products that are external !v pn^-trozmi in smaller aimmuts 
per container, it is necessary to obtain full vacuum in th(‘ drying 
chambers quickly to prex’cnt thawing. Particularly with products 
like penicillin, dispensed in amounts of about 1 ml per container, 
it is advantageoms to chill the drying chamlu'rs to suh-freezing 
temperature to avoid thawing before exacuatiem. The tcanperature 
of the dryers may then he raised at a cnntrolkal rat(> to sc'cure a 
maximum rate of drying and low' final moisture, 

Bv n.sing chambers which may be chilled to .sub-freezing tem- 
peratures it is possilde to carry out actual fn'czing directly within 
the chambers, This may be done in all cases except where tlie 
product must he shell-frozen, unless spun by Greayes’ xaciuim- 
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.Spinning device. Many plants operate on this basis, thereby avoid- 
ing the handling during freezing in outside liquid baths or cold 
rooms, transferring to freeze-storage vaults and then moving the 
materials again to drying chambers. Furthermore, all danger of 
thawing before evacuation is eliminated, 

As indicated, products may be self-frozen by rapid vacuum 
evacuation, if solutions containing protein are placed under high 
vacuum, they immediately froth, Products in small individual con- 
tainers will bubble out of the exhaust tube in an uncontrolled 
manner. Similarly, products in larger pans are difficult to keep un- 
der control. For this reason, for a long time it was considered im- 
practical to employ self-freezing, particularly in the final container. 



Fig, 5.23, One of the Heat- 
er Heads for the Final Pilot 
Plant, after its Conversion 
for Centrifugal Vacuum 
Spin-freezing 

This head is for centrifugal 
vacuum spin-freezing 225 
bottles, each containing 10 
ml. of fluid. It consists of 
three aluminum discs on a 
central shaft which is ro- 
tated at 1,450 revs./min. 
by the electric motor un- 
der the top cover. Each 
disc has 75 holes drilled 
in it at an angle of 7° 
from the vertical. The cast- 
iron slip rings and Mor- 
genife brushes for the re- 
sistance thermometer can 
be seen at the top of the 
shaft. Beneath each disc 
are the heater spirals and 
radiant heat screens. 


COUKIK.SY OF ». I. N. Cue: 
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The above-mentioned condition mav be oxercoinc bv jncliini- 
iiary degassing, or spinning as discussed. Degassing is aeeotnplished 
by evacuating .slowly to the point where irothing just begins to 
occur. Reduction in pressure is tlien stopped. Bv allowing the 
system to remain under this partial \ aeiuiin lor a halt- hour to an 
hour, the gases can be sufficiently renuwed. Tlie degassing ma\ be 
accelerated by further progressi\'e lowering of tlu^ pia'ssure as 
quickly as pos.sible, alter some degassing has occurred. At no time 
should the pressure be reduc(‘d to the point w'lu'ia' the material 
troths out through the necks or e.xliaust tubes. During this opera- 
tion there is a slight exaporation of moisture snffieic'ut to ket'p tlu' 
materials in a cooled condition. The prcssni't' mav be* controlled 
either bv placing a stopcock or x ah’c in the pum[) lintc wliicli can 
be shut off, or bv placing a small-bore “d ” coniu'ction in th(' pump 
line with a stopcock on the “T.” Tlic latter dcx iei' c'uabh's the op- 
erator to admit sonu' air to the pmnp to ecnitrol tlu' pn'ssnrc. 

When degassing is completed, the pump is allowed to ('\aeuate 
the system to the limit of its capacity , \Vlu'n tiu' jxrt'ssuia' tails to 
the range of 2.5 to l.O mm Ilg frothing will not oec'ur, but alm<)st 
immediate freezing will take plaec' and drying from tlu' froz('n 
state will proceed. In otlier words, in the absence' ol tlu' usual dis- 
solved gases, boiling do('s not take place', ('veai though the pre'ssnre 
is now below the point where boiling enelinarilv should occur le)r 
the given temperature of the proehiet. Usually the' te'inpe'rature' ol 
the substance falls for a time' a few de'grc'es bc'low its fre'czitig point 
so that it is simultaneously snperlu'aled and suix'rcooh'd. Kre-e'/ing 
will then set in with the siiddeiiiie'ss charactc'ristic ol tlait e'u- 
countered with supercooled solutions, in a manner similar to tlie 
suddeai erystallizatioii of supersatiirate'd solutions, dapping the' 
containers tends to initiate the freezing in th(' siipc-rcook'd solu- 
tions, but it is usually unnecessary. 

In this manner the adxantages of rapid freezing arc achievc'd 
without the use of refrigerants. Afti'r initial fix'ezing, tlu' tempera- 
ture, of course, returns to the freezing point, hut when Ireez.ing is 
complete and as sublimation proceeds, it falls to the range' of —10 
to -2()‘’C. From then on, the thermal drying curve' follows that of 
products externally pre-frozen. 
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Inasmuch as there is some desiccation from the liquid state, the 
final appearance of a serum product is a highly porous mass cov- 
ered with a glossy, amorphous, amber-like film. Solubility of most 
products is excellent, and in the case of certain ones, superior 
solubility characteii sties ar(' produced. With other materials, .such 
as certain viruses and heavy sii.spensimis of .semi-solid masses like 
bacteria] centrifugates, external prc-lreczing is nece.ssary. 

As mentioned, Greaves lias proposed the use of centrifugal 
force during self-freezing as a substitute for preliminary degassing. 
Greaves state.s that a bublilc is most vulnerable at its birth and that 
for this reason a sinall antagonistic force is sufficient to inhibit 
bubble fonnation.’' He icports that a speed ol 14.'5() rp'm with the 
normal radius of 1 inch is sufficient to inhibit the formation of 
bubbles in lirpiids under vacuum, although under thexse conditions 
existent bubbles were not destroyed. Protein solutions may be sub- 
jected to high vacuum while spinning, with uniform results and 
without bubble formation. (See Fig. ,5.23.) 

An advantage of this type of fr(?e/.iiig is that when spinning oc- 
curs on the vertical axis of the bottle, a coiie is forced down throngh 
the li(|uid, thus distributing the h({iiid on the inside jicriphery of 
the bottle during fix'czing, with results similar to those obtained 
when spin- freezing on a horizontal axis in a cold l ault. The di.sad- 
vantage is the mechanical complexitv of the apparatus for spinning 
at these spec^ds under vacuum. A similar method has b(“en worked 
out hv Di‘. (icorge H. Brown of the Badio (airporation of America 
Laboratories in Princeton, New Jersey, for a\oiding the frothing 
of penicillin during drying of the liquid at around room fempera- 
tured' However, under tliese conditions, the height of the vacuum 
i.s not iieaiiy so critical and the incclianical problems are less 
seyere. 

CIIAAfBERS AND ^tANl FOLDS FOR 

CONTAINERS 

There are two major differences in operation between manifolds 
and drying chambers. First is the maimer of yaciium sealing, which 
means that the type of container which may be used is different; 
when using manifolds a special connection must be made with each 
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individual container. Second is the didereiu'e in tlie method ol 
heating. Before the art was de\e]oped along inoden^ lines, the 
product was kept in refrigerators and I'W'W effort was made to 
keep it cold externally. Accordingly, while working to ke<'p tlu' 
product frozen, heat was withheld from the containers so that 
improper drying and nnsatisfactor\ resnlts \\'('ie obtained. In 
1935, a manifold-type of erpiipment caim’ into use' wherehv ht'at 
wa.s ab.stracted from the atmosphere hv tlie individual containers 
of product being dried. These containers at tlu' end of dr\'ing w(‘re 
then sealed under original vacuum and tfu' (aitire process carried 
out with maintenance of sterility. Products dried in this fashion 
have less than 1 per cent moisturt'. 

The manifolds and the eoniiectors for attacfiing the containers 
to the manifold were designed to j)erinit Ihgh-spcH'd attaclnnenl 
after removing the containers from tlie [laaving bath, Inasinucli as 
these connections had to be tight for liigh \aemmi to b(‘ niaiti- 
tained without using e\cessi\(‘lv large pumps, grc'at cari' was 
neces.sarv in construction. A simple lal)orator\- t\ pe of construction 
using all-glass is illustrated in Pig. 5.24, ha\ iiig laam (h'sigucd by 
tbe author for general laboratory work' and for a mimfu'r of va'ars 
it was the oiilv tvpt' ii.scd. In Fig. 5.25 is ilhistrated a largc'r typ<‘ 
of apparatus of metal coiistriiefiou built undi'r tlu' authors dirc'c- 
tioM for hospital use.' Fig. 5.26 shows an ap[)araliis of ihis tvpc lor 
small commercial operation, tli(M)n(' illustrat{'d lu‘ing tfu' first com- 
mercial frceze-dr\'ing installation in tlu' \\()i‘ld actnalK' iis(‘(l tf) 
produce market packages of a prodiicl siiitaljh' lor j)arent(Tai ns(‘. 
Human consak'.scent sennn was dried in laig(' a nn units. 

The type of manifold iis(‘(l when eontaiuers had soft glass ex- 
haust tnb('S for sealing, as disenssecl in the preec'ding s(‘etion, lues 
been referred to in connection with Fig. 5.5. Fig. 5,27 illustrates 
the type of equipjnent embodying sneli a nianifidd. 

Hecklv has descriln'd tlie samt* type of manifold' ' Init has it 
placed in a vertical position. Tin's stann.s to have no pai'ticular ad- 
vantage, for if products are to })e frozen by eo\ eriiig with Dry Ice 
after attachment to the inanifokl more comple.x manipulation re- 
sults. In general, glass equipment should be avoided if pos.sible, 
Wyckoff and LagsdiiP^ descrilie the so-called “pig.” 'I’hi.s em- 
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bodies an internal Dry Ice condenser which is vacuum-insulated. 
Containers are arranged oji the outer periphery of the apparatus, 
as illiistratial in Fig. 5.28. The upper portion of the figure illustrates 
a “pig" with 30-cc ampoules for peiiicillin and the lower “pig” il- 
lustrates 750-cc bottles containing 500 ml of blood plasma. An ad- 



vantage of this type of ecpiipmcnt is the proximity of the cold sur- 
face of the condenser to the outlets of the containers. This ad- 
vantage is more apparent than real because the neck of the bottles 
or ampoules is one limiting factor. After the \^apors have emerged 
from this restriction it is simple enough to prox'ide a vapor line 
.sufficiently large to carry the vapors without appreciable increase 
in pressure. Also, the condensing surface is small, so that when 
large quantities of blood plasma are dried it is necessary to insii- 




Fig. 5,25. Large Metai Apparatus. 


Fig. 5.26. Small commercial-scale equipment built at University 
of Pennsylvania in 1935 and installed at Sharp & Dohme, Inc. (1). 
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late the containers with bags, as illustrated, in order to retard the 
rate of application of heat from the atmosphere. A major disadvan- 
tage is the small capacity of the condenser for Dry Ice, which 



fig. 5.27. Cryochem type of equipment for desiccating 
from the frozen state. A regenerable desiccant comprising 
mostly calcium sulfate (Drierite) with a small quantity of 
Silica Gel {for a small amount of vapors other than water} 
contained in baskets within the white tank. The manifold 
is shown with outlets to which individual containers for dry- 
ing are attached. Pre-freezing is readily carried out by 
spreading cracked dry-ice over them, supported on troys. 

Dry Ice is removed after evacuation. At the end of drying, 
the glass tubes attaching the containers to these outlets are 
sealed by fusion with a flame. 

uecesjjiitates rccliarging cncry liour or so. Toward die cud of dry- 
ing, the temperature of the entire room is raised to hasten the 
completion of drying. 

By various means it is possible to control the temperature of 
the product through tlie rate of supplying heat to individual con- 
tainers on a manifold, whicli, while less simple, is effective. The 




convi K-sv <)( i.iiDi'iuF.i-: i.AiinitA lomi-.s 

Fig. 5.28. Wyckoff and Lagsdin “pigs," Upper illustration shows 
30 cc. ampoules of penicillin. Lower illustration shows 750 cc. 
bottles containing two units of blood plasma each. 



f/g. 5.29. A series of drying chambers used in pro- 
duction of penicillin in a plant having four drying 
chambers of this size. About 1,000,000 doses of pen- 
icillin may be freeze-dried every 24 hours. 

temperature of the entire room may l)e contnjlled, hegiuniiig first 
at a low point (below O^C) and tlien by increasing temperatures 
as drying proceeds, Where it is not readily possible to control the 
temperature of the entire room, an electric fan may be used to 
circulate th(' air ii('ated bv electric light bulbs or other means over 
the containers. Infrared liglits may h(' arrangt^d to direct radia- 
tion at the containers. 

Liquid baths will provide the closest control and the necessary 
calories can be introduced more rapidly at a lower temperature. 
This affords less danger of us erheatiug dried portions of prodiK:ts 
in the contaimas toward tlie completion of the drying. At the out- 
set, the temperature is held below freezing; hut above that de- 
sired for the material being dried and as diving proceeds, the 
temperature of the bath is gradually raised. The temperature of 
the bath soon can be set at the maximum to which it is safe to take 
the final dried product, and just as fast drying can be procured as 
is obtained with dry higher temperature sources, such as hot air or 
infrared radiation. The baths accomplish this at the lower tempera- 
ture hecaii.si' of lietter transfer of heat through the direct contact 
of the container walls with the liquid. .Altlioiigli the period of dry- 
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ing is reduced to a mininiiim, baths are niurt' complicated to op- 
erate and do not necessarily reduce the cost of ('((uipinent or of 
operation. In production where cost becom(\s a majta' consideration 
it is advisable to use drying chambers ratlnn- than manifolds. 

The major advantage of a manifold is in its gianUer fle\ibilit\' 
for use with a wide variety of products rcajuiring coiitaiiu*rs of dif- 
ferent sizes. A multiplicity of prodnct.s and t\’pes of containers may 
be run simultaneouslv. Jt is simple to maintain sterilit\' and carr\- 
out step.s ill various research prohlcms and other applii-ations ol 
freeze-drying with a minimum of equipment. Mowcmt. for large- 
scale production, vacuum shelf drvers lia\e pro\'('d wry satis- 
factory and are the most widely used tvpe of (ajuipmeiit in com- 
mercial freeze-drying in the United Slab's and (iaiiada lodav. 
Electrical sources of heat, such as resistance lu'aU'rs, induction 
heating, high-frequency fields, dielectric heating, infrared light 
and other forms of energy may he utilized, baths may Ik' u.simI un- 
der the same conditions as discussed above witli manifolds. Tluai, 
however, oils of low vapor pressure at the temperatures enemm- 


Fig. 5.30, Drying chamber 
used in production of pen- 
icillin opened at the end 
of the run with racks con- 
taining bottles of penicil- 
lin about to be removed. 
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tercd jnust be employed to avoid evaporation in the vacnnm dry- 
ing chamber, So far, circulation of hot fluids through the shelves 
and jackets of the drying chambers has been used most, In order 
that (Irving mav proceed uniformly, it is essential that the hot- water 
system l)e properly designed for even distribution of heat to all 
portions of the chamber so that all containers will dry at the same 
rate. Electrically heated shelves may be used, but there must be 
good reason in any given case to justify thfs type of direct heating 
because there is a greater problem in securing even distribution. 
Also, at the completion of the drying of (me batch, a longer time is 
required l(^r chilling the chamber before loading the next batch. 
With h(juid-hcated shelves, cold li(|uid is readily circulated to 
shorten tin* time between batches— an important consideration in 
commercial opr'ration. 

When the chambers ai'c chilled to a siib-freezing temperature 
for pre-freezing, a non-aqueous fluid must be circulated instead of 
water. This must not ba\ e ton great a viscosity at the lower temper- 
atures encountered, especially in the heat exchanger or cooler 
wliei'e the fluid itself is chilled by Dry Ice, “Freon/’ or ammonia. It 
is also preferable for the fluid to he noninflammable and it must, of 
course, have a boiling ])oint abo\c tlic highest temperature to 
which it is necessary to take the products during diwing, Trichloroe- 
thylene has been found to be practical for this purpose, although 
mixtinrs of gh'col and water as well as other fluids have also been 
used. 

Fig, 5.29 illustratc's a series of such drying chambers in use in 
the production of penicillin. Fig. 5.30 .show.s a chamber with the 
door open and the product ready to be unloaded. The vials of 
penicillin are licld within the racks. The stainless steel lid used for 
purposes ol slcailily is arranged with adt^quate passageways for 
escape of vapors in a downward direction, completely protecting 
the product from contamination bv particles falling into the racks. 
The chambers ai'e heavil}' insulated since they mav be carried to 
temperatures of -40 XT At the end of drying, tfie temperature is 
increased to as high as 65'’C. 

These drying chambers are usually so designed that they will 
withstand 15 pounds internal steam pressure for sterilization. At 





ng. 5.31. The Experimen- 
tal Drying Plant. 

The desiccator Is made 
from glass cylinders, and 
the refrigeration unit is a 
small SO , unit. The lowest 
temperatures obtained 
with this plant were 
around - 20 C., but the 
results obtained showed 
that the principle was 
sound and enabled the 
preliminary experiments 
on automatic heat control 
to be carried out success- 


€■1 


Fig. 5.32. The Original 
Pilot Plant. 

The SO,, compressor has 
been replaced by a 3-cyl- 
inder "Hallmark" methyl- 
chloride machine giving 
a temperature below 
-40 C. with a heat ex- 
change of 250 watts. This 
machine could dry 5 litres 
at a time from a 25-litre 


Fig. 5.33. One of the 
Heater Heads for the 
Final Pilot Plant. 
This head is made to 
accommodate 35 M.R.C. 
transfusion bottles, each 
of which will hold 400 
ml. of serum or plasma 
vertically spun-frozen 
round its inside periph- 
ery. 

COL'HTFSV OF R. 7. N. 
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Fig. 5.34. The Large 
Drying Plant. 

The instrument panel 
showing the recording 
galvanometers and heat 
control circuits. 
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the end of a drying period, the \-aciunn may l)e releas(Hl wiih dry 
and .sterile air or nitrogen, This i.s arranged N crv simply bv placing 
on the inside of the chamber a container charged with cotton and 
a suitable desiccant. Upon opening the vacuum break \ al\ e, all 
air entering the chamber must pass through tliis dr\--air sterilizer. 
Regenerable chemicals, .such a.s calcium sulfate or silica gel. should 
be .selected, .so that when the .sterilizer is removed for healing in 
the oven for resterilization, the desiccant will b(' regcmerattnl at 
tile same time. Chambers and other equipment used l)\' Cwwws 
in England for serum and plasiua during th(‘ war mc illustrated 
in Figs. 5.31 through 5.38. 

SIZE O F V A C U U i\r A N 1) A IM) K LIN S 

When either chambers or manifolds arc used, tlu^ si/,(' of tlu' 
x^apor line to the condenser for carrying the watiu- \'a[)or is of ut- 
most importance to permit rapid drving. The following are eertaiu 
useful equations derix'edbv Noruiand of Carbide 6; (airboii Clu'Oii- 
cals Corporation' ' as riile-of-tlnnnb relations hascal on Kimdscm's 
equation.* These relations are applicable lor detennining the 
proper diameter and length of round pipe within an acenraev of 
10 per cent. Conductance of the pipe is determined first and after 
this the net pumping speed is dtdermined. 

The formula for determining the pumping sjieed varies with 
the range of pres.sures encountered. These are as follows and 
conductance is expressed as cfm. 

(1) Dijfusio}i piiiup range, where there is imjlimiilar flow and 
when pressure in microns multiplied b}' diameti'r in inclu's is l(‘ss 
than 7 and when the length in leet is greater than the diameter in 
inches : 


OMinehes) 

Effeety 

III the special cas(' when length in feet i.s less than the diameter in 
inches, there is a cimdition appj'oximating an aperture'. In this 

" Q = 4/3\/2ir ( Ih - Vj ) 
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case the conductance is obtained by multiplying the cross-sectional 
area of the pipe in square inches by 150. 

(2) In the intermediate range we have the condition where 
pressure multiplied by diameter is greater than 7 and less than 220. 


C = 0.5 


L I. (I + .79 FD) 


(3) For pressures in the range of mechdnical pumps and where 
pressure times diameter is greater than 200 the following applies. 
This is the range of viscous (laminar) flow. 


C = 0.5 



In freeze-drying equation (3) is applicable. Tliis relation is im- 
portant because the net pumping speed which must next be de- 
termined depends upon the conductance of the piping itself, as 
well as on the speed of the vacuiirn pump. The relation between 
the speed of the pump and conductance of the piping in determi- 
nation of the net pumping speed is as follows: 


Net pumping speed = = ■'t / x H — ^ 

^ ^ ® ^ S'' S (pump) C 

The above condiictaMces are l)ased on pumping air. The con- 
ductance will be nearly 50 per cent greater in the case of water 
vapor because of the smaller molecules. 

To illustrate use of the above formula, let us calculate an ex- 
ample in determining the conductance of a pipe 5 inches in diame- 
ter and 156 feet long at an average pressure of 100 microns. Also, 
we shall determine the net pumping speed obtainable with such a 
pipe when using a pump having a speed of 200 cfm. 


C = 0.3 ,00 = 

C = 200 cfm. 




1 - i 

S'' “ ¥)() 

S'' - 100 cfm. 


f 


1 

200 


2 

200 
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111 other words, the long pipe has a conductance of 21)0 efin, and 
the net pumping speed obtained with a \acmim pump Inn ing a 
capacity of 200 cfm. is only 100 cfm. 

If a pump with twice the speed, i.e. 400 cfm.. is used the net 
pumping speed obtained through the long pipe will be incivasr'd to 
only 138 cfm. as illustrated below: 

_ 

S" 400 ^ 200 400 

= 1,33 cfm. 

A similar calculation may be made for the water vapor itself 
being evaporated from the frozen product. It is lU'cessaiN^ to con- 
sider the thickness of layer and whether the material is froze' n Hat, 
in plugs, shell-frozen, or frozen in droplets. This has hevu di.seussed 
earlier in this chapter and the peak rate of e\'aporation must be de- 
termined in terms of liters of material pei' hour from each drying 
chamber, bottle, or the like for a giyeii sapor line, tubing, or hotth' 
neck. This, of course, must be conve'rh'd to volume ol xapor tor 
given pressure and temperature. This peak rate varii'.s not only 
with conditions of freezing jmst mentioned, but also with the prod- 
uct itself, and careful experimental data must h(' obtaiiKnl on which 
to base any calculations which are to be used in design of produc- 
tion erjuipmciit. Of course in small-scale e.xperi mental (‘(juipment, 
it is easy to make the lines largi' (moiigh on the basis ol previous 
experience to cover almost any product. In design of production 
equipment, however, this is likely to be too costly, and a ealenla- 
tion should be made. As an example, in removal of 4 kg of moisture 
per hour by sublimation under peak load conditions at 300 microns, 
a vapor line ten feet long is calculated to rerpiire a diameter of 
eight inches, assuming no restrictions by \’alves. 

A further factor involves angles in the line, and the <'l[('('t ol 
this is debatable. A good average condition seems to be that one 
right-angle elbow in the system may be considered as ('(juivalent 
to a length of pipe equal to its diameter. Similarly, valves must he 
chosen which offer as little restnetion as possible. For example, 
Globe valves restrict the flow of vapor (piite considerably and 
should not be used in lines where high \a.'locities are desired. Cilohe 



Fig. 5,35. The Large 
Drying Piant. 
Loading a primary 
chamber with frozen 
material. The control 
bottle with its thermo- 
couple can be seen in 
the foreground. 

CUUKTKSY Ot' K. I. W 
CHEAVES 



valves are suitable as vacuum breaks, provided that tbev are so in- 
stalled that the packing is not on the vacuum side. In this wav, only 
when the valve is open for release of the vaemiin is the packing 
connected in the system, and then it does not matter if there is 
leakage. Gate valves arc suitable for use in vapor or vacuum lines 
as far as offering no restriction is concerned. However, they offer 
the serious problem of maintenance in preventing leakage through 
the packing. I.nbricated plug valves, diajdiragm \’alves, or rubber- 
seated flange-type valves are preferable (ordinary plug-type valves 
or petcocks are not satisfactory ) , 


PRESSURE DROP 

Soinetiincs it is necessary to determine the extent of pressure 
drop through a slit or other type of aperture in the system. For ex- 
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ample, side walls are sometimes anaiiged on each dreing shelf, up 
to the shelf above, for containing materials in direct' contact with 
the heating surface. At front and haclc, the wall is cut down to al- 
low a K-indi slit for escape of vapor.s. If the total combined length 
of the two slits is 120 inches, there are :i(l .sc, in of eross-secfional 
area for escape of vapors. 

To determine the pressure drop through tlie slit, it is lU'cessarv 
to determine the veloi^ity of vapor Row. This clepfmds upon tlie 
pounds of water to be evaporated and the pressum, tlie latter being 
determined by the temperature at which tlie product is to he drif'd. 
That is, the pounds must be converted to \'olu]ne of \'apor at some 
given pressure such as 1 min. Let us assume a rate of [lo^v of 20 
cu ft per second. The 30 sq in of slit area is about 0.21 s(j ft, so 
dividing the cubic feet by s((uare Fet^t we obtain a xx^loeitv of 
nearly 100 ft/second. 



Fig. 5 . 36 . The Large 
Drying Plant. 
Transferring dried ma- 
terial from the primary 
to the secondary cham- 
bers. 

COI-H I K.SV OI U. I. N. 

GBEAVES 
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The following relation will afford calculations of the pressure 
drop: 

V is the velocity, C a constant, g is acceleration due to gravity, and 
h is pressure drop in terms of feet of the vapor. To convert this last 
to absolute pressure, it must be multiplied by the density of the 
vapor, which in the present example would be the weight of one 
cubic foot of the vapor at 1 mm Hg pressure, t.c., 0.000066 Ib/cu ft. 

C is the coefficient of contraction of the vapors passing through 
the orifice and we may assume 0,65 as reasonable. On this basis, 
microns of Hg pressure drops are obtained as follows: 

100 = 0.65\/T2) (MT/T 
microns — hX density X 1000 
microns = h (0.000066) (1000) = 9 

So we see that the drop in pressure through tlie slit is negligible. If 
the degree of contraction were less then the assumption of 

Fig. 5.37. The Large Drying Plant. 

General view of the desiccator room, showing the secondary 
desiccators in the foreground and the primary desiccators with 
the loading staging in the background. The heater heads from 
the two chambers which are defrosting are raised. 
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GRfAVES CEn TRiruGAL VACUUM DESICCATOR 


rough lat-out Of SUGGESTCO DISKN 


Fig. 5.38. Centrifugal Vac- 
uum Spin-freezing Apparatus 
in the Converted Final Pilot 
Plant, Design of plant for 
daily drying of 600 am- 
poules, each containing 10 
ml. by the method of cen- 
trifugal vacuum spin-freez- 
ing. 1. Lugs on bottom plate 
bolted through rubber bushes 
to lugs welded inside cham- 
ber (not shown). 2. Top plate 
cut off here. 3. Three in. 
angle pillars welded top and 
bottom. 4, Welded. 5. Shaft 
bored for contact thermome- 
ter thermostat (mounting not 
shown). 6. Oil in thermome- 
ter pocket. 7. Aluminum discs 
drilled to carry 75 battles 
each, inclined inwards 7“ 
from vertical. 8. "Apiezon 
Q" seal. 9. Heaters. 10. Bot- 
tom plote (should be heavy). 
11. Self-aligning ball bearing 
with single boll thrust bear- 
ing below. 12. Motor, 1 h.p,, 
3-phase, totally enclosed pat- 
tern. 13. Vacuum sealed 
entry for all electric leods. 
14. Condenser coils. 15. Nip- 



ples, screwed and welded 
into wall of chamber. 16. 
Baffle plate. 17. Vocuum 
outlet. 
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C = 0.65, in other words approaching unity, the drop would be 
even less. 

EVACUATION 

Since drying by sublimation is a highA'acLUini process, it is 
necessary to consider the means for pumping both non-condensable 
gases and water vapor. As to non-condensable gases, air must be 
exhausted from the system initially, and air leaking into the vac- 
uum system must be continually removed. Also, gases dissolved in 
the product need to be pumped out of the equipment as fast as they 
are released. Removal of water vapor in vacuo will be discussed in 
the next section; discussion here will be confined to the initial 
evacuation of air and handling of leakage into the vacuum system. 

Mechanical oil-sealed high-vacuum pumps of the rotary type 
are by far the most widely used. Not only must air be well re- 
moved to make the process operative, but it is important that the 
residual amounts of air be reduced to as low a level as possible so 
that condensers and desiccant, whichever is used, will ha\c maxi- 
mum efficiency. For example, when using a low-leinperatnre con- 
denser, if the temperature of the surface of the ice on the condenser 
is -40°C, the vapor pressure of the ice will he 90 niicron.s. Wafer 
vapor at a pressure of 90 microns will then pass through the vac- 
uum pump and will sweep residual air with it. For this reason, 
whatever pump is used must lias c a high capacity at the pressure 
corresponding to the temperature of the ice on the condenser. 
There is no necessity of attempting to obtain a liiglier vacuum 
tlian this, since it will serve only to increase the flow of water vapor 
through the pump and the pressure in any event will only equalize 
at the point corresponding to the temperature of the condenser. 

There is no particular advantage in using booster pumps, such 
as oil or mercury diffusion or ejector boosters, unless they Are de- 
signed for high efficiency at the pressure just indicated. It was 
pointed out in Chapter 2 that since temperatures of condenser ice 
on the order of -30 and -40”C nsiially are sufficiently low, the 
pressure range of interest is from about iOO to 300 microns. Un- 
less boosters are designed for this range of pressure, there is no ad- 
vantage in their use. Modern mechanical ^'aclulm pumps of the 
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rotary type have' high etficicnc)’ in this r;uig(‘ of ^’acllllnl. This is 
illustiated in Fig. 5.39, In some instances, low ei' temperature and 
higher vacuum may be iiecessar\’. 



Microns Millimeters 


F/g. 5.39. Efficiency of various mechanical oil-sealed rotary vac- 
uum pumps, A, B and C at high vacuum compared with recipro- 
cating type. 

When using all-welded steel construction for condensers, vac- 
uum chambers, and vapor and vacmim lines, and phig-typt‘, 
diaphragm-typo or other suitable high-vaennm valves, very light 
vaouLim systems can be acbievc'd. With such construction, a satis- 
factory rate of evacuation and a satisfactory vacuum can b(' main- 
tained during operation using 1 cn ft of rotary vacnnni pomp dis- 
placement per minute for every cul)ic foot of space nnd<T vacuum. 
The vacuum-pumping capacity for rotary mechanical puinp.s of 
several thousand cubic ha^t per minute presents no problem today; 
therefore adequate capacity for any ordinary installation used for 
medical products is a\’ailable. 

The foregoing capacity is for drying chambers with bottles of 
relatively large capacits' such as those for blood plasma, or loaded 
with penicillin or other products in correspondingly small amounts 
in chambers chilled to sub-freeziiig temperature. In cither cas(\ 
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evacuation within five minutes usually is sufficiently fast. If peni- 
cillin in 1-cc amounts is being dried and if the chambers are not 
chilled, usually evacuation within one or two minutes is essential. 
Then the ratio of cubic displacement to space to be evacuated 
should be increased from 1 to 1 up to 5 to 1, or even 10 to 1. How- 
ever, this presents no serious problem, inasmuch as this high ratio 
of pumping capacity need be applied to chambers during evacua- 
tion only, and because the chambers are e\4aciiated one by one. 

When greater capacity than this is required, as in the food field, 
steam ejectors with either four or five stages with one or more inter- 
condensers, usually with barometric legs, may be used for removal 
of non-condensable gases. Either mechanical pumps or separate 
“roughing” steam ejectors may be used for evacuation. 

LEAK DETECTION 

In glass apparatus, detection of leaks is simple. High-frequency 
spark coil testers are available on the market for operation on 
ordinary 110-volt light circuits. In the micron and low-millimeter 
ranges, when the coil is held near or adjacent to the glass, a dis- 
charge is given. The color of the discharge varies with the pressure, 
but this is not a sensitive quantitative indicator and cannot be used 
as a substitute for a McLeod Gage in accurate measurement of the 
pressure. At higher pressures, no discharge is given and similarly 
in pressures below the micron range no discharge is obtained and 
a so-called “cold vacuum” has been reached. In locating leaks, the 
tester is moved along the various points of the glass apparatus and 
when the tip of the coil becomes close to the leak, a spark discharge 
will be seen to jump directly to the leak itself and simultaneously 
the color of the discharge within the glass apparatus changes. Care 
must be taken, however, not to punch holes in weak points at glass 
joints in the apparatus if the discharge coil is a powerful one. 

The same system may be used for testing vacuum-tightness of 
finally sealed ampoules. In this case, the best procedure is to allow 
the sealed ampoules to stand for a day or two. In the event that the 
leak is a small one, it may take more than a few minutes for the 
vaccum to be discharged and by waiting for a few days, containers 
with small leaks as well as large ones are located. 
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In metal equipment, the same system may be used with modifi- 
cation. A glass tube with a sealed-in metal connection is attached 
by one means or another, such as with rubber tubing, to some con- 
nection on the apparatus. Preferably, this should be near or in tlu' 
vacuum pump line. By u.se of a spark coil a discharge is set up in 
this tube. Then acetone, trichloroethylene, or other fluid is spraved 
or painted around the various suspected joints in the e([iiipment. 
If the leak is large enough, this will be drawn into the apparatus 
and change the color of the discharge at the detector tube'. This 
method is generally not as suitable as others. 

Similarly, the above organic fluids will changi‘ tln^ rc-ading of an 
electrical gage such as one of the Piraui type. The reading wall be 
made better if the leak is a small one and is momentarily clo.sed 
off; in the case of a large leak, the reading will bc' made worse if a 
large quantity of the fluid is drawn into the \ aemim svst('in and 
evaporated. However, this method also lacks sensitivity. 

First of all in the metal systems there fretpuMitlv are \ al\ c's or 
other means of segregating the e(|uipmenl into s(‘etions. Tliis 
should be done and rates of leakage determined wntlioiit the vae- 
mim pump running, in order to isolate the portion of the ('([iiip- 
ment where the leak or leaks are located. Wlnm tlu' partieulai' sc^c- 
tion has been found, paint the suspected joints with a good gradt‘ 
of red crankcase paint such as Sherwin Williams No. 12 16 or (i. F. 
No. 1201-B Glyptol ot equivalent. Not only wmnld the vacuum 
gage record an improvement in pressure when the k‘aky surface is 
coated with paint, but as the paint dries the leak is stopjx'd. If for 
anv rea.son it is undesirable to rely on the paint, otlxT snita])l(' 
means should he used for correcting leakage, such as wading, 
soldering, or the like. Rubber tubing and gaskets may l)e clicck('d 
by u.se of castor oil. 

At vacuums higher than the micron range, the mass spectrom- 
eter was used with great success in the war-time development of 
atomic energy equipment. This same equipment may also be us(xl 
at higher pressures by connecting it through a valve to the equip- 
ment to be tested. In other words, the testing apparatus itself op- 
erates under the usual highest vacuum. Helium gas is played over 
the suspected points in the equipment; at the point where leakage 
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occurs, it is drawn into the etjuipmont and over into the mass 
spectrometer, where it will be rapidly detected provided the pump- 
ing speed in cfin. is some 50 times greater than the volume of the 
system in cubic feet. 

As a practical matter, only the method using the mass spectrom- 
eter is to be recommended for the sub-micron range of pressures, 
but in the micron range encountered in free/e-drying, the paint 
brush provides the simplest method, even though it may bo 
frowned upon by expert physicists accustomed to a small fraction 
of a micron. With an organic volatile solvent, either of the two 
methods above may be used, but generally it will be found more 
laborious. Incidentallv, a non-inflammable solvent such as tri- 
chloroethylene in many ca.ses is to bo preferred t(; one like acetone, 
although trichloroethvleiK^ is somewhat of a health hazard under 
]:)rolonged exposure, 

Another method for testing leaks is to evacuate the system, shut 
off the vacuum pump and fill with "‘Freon ' to about 3 lbs pressure. 
By use of an acetylene torch around suspected points, the change 
in the color of the flame to green will show the leaks, Inasimich as 
“Freon” is fairly ('\p('nsi\^(', it is w('ll to have' the haik local i/ed be- 
forehand into a particulai- section by the standai d practice of de- 
termining leak rates in the several isolated sections. After locating 
the leak, the system should be thorougblv aired to prevent “Freon” 
from getting to the vacuum pump oil, 

The General Electric Co. has rcccmtly offered a detector for 
halogen — containing compounds and the device gives excellent 
results with freeze-drying e(|uipment. Carbon tetrachloride may 
be used instead of “Freon,” and if so, a dish of it is placed in the 
equipment, all doors, rubber eonnectors, etc. clamped tight and 
about 5 psi air pressure set up. The G.E. detector may then he 
u.sed, but question any supposed leaks around door gaskets, etc., 
which internal pressure will tend to force open. 

REMOVJNt; iVI OKS TURK IN VACUf) 

"‘Dry Ice' condematkm-. pigs, Fig, 5.40 illustrates an early 
and simple type of Dry Ice condenser.’ The condensers are kcjit at 
approximately -78^C by immersion in a bath of Dry Ice sus- 



Fig. 5.40. Condensers of large 
metal apparatus. 



pended in a suitable organic liquid in an insulated container, ()1 
the various liquids tried tor suspending the Dry lee {ac(‘ton<\ 
ethanol, ether, “deodorized’ kerosene'. triebloroc'thyU'ue, nuuK'rous 
butyl and amyl compounds), methyl “Cellosolvc (tlu' methyl 
ether of ethylene glycol) has been tonnd most satisfactory. This 
liquid has a sufficiently low melting point and vi.scosity, has no of- 
fensive odor or known health hazai'd, is of reasonable cost and has 
a relatively high flasli point. Alcohol and d(mdorized kerosene pro- 
vide a second choice. 

In small sizes, the construction of a metal cond<'ns('r is similar 
to that of glass (see Fig. 5.24). Tliere are, however, a few points of 
difference in operation. The flat top of the main condenser is ad- 
justed about an inch below the mouth of the vacuum jar and the 
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Dry Ice in methyl “Cellosolve” is brought to within It or I 2 inch of 
the flat top. No stopcock is provided for admission of air to the 
apparatus at the end of a run; one of the manifold stoppers is with- 
drawn from a manifold outlet. To empty the condemsers, the rubber 
joint between the manifold and main condenser and the rubber 
tubing pump connection at the secondary condenser are discon- 
necter!. Before chilling down the condensers for the next run tlu^ 
secondary condenser must be completely empty; otherwise, it mav 
become plugged with ice. The intake tube from the manifold into 
the main condenser should extend from /2 to 1 inch below the flat 
top on the inside of the metal condenser, All the rubber connections 
on the metal condensers should be made before the condensers are 
chilled and they should theii never be disturbed while they are 
cold; otherwise, small pieces of ice condensed from the atmosphere 
collect on the metal around the frozen rubber parts and leaks are 
inevitable. 

In the case of glass condensers, if any of the condensate thaws 
between runs, a condenser bath should not be repacked with Dry 
Ice until they ha\'c been emptied. Otherwise, the freezing of the 
condensate as a solid block would break the glass, which is in con- 
trast witli the manner in which the icelayer builds up when con- 
densed from the vapor phase. 

For apparatus illustrated in Fig. 5.25, a condenser of the type 
illustrated in Fig. 5.40 is used. The main condenser eonsi.sts of a 
cylinder of copper with a copper bottom, convex outward, and a 
{lome-shaped top of stainless steel. From the stainless steel dome 
projects a sc'condary condenser of copper tubing with stainless 
steel inlet and outlet. Both condensers are fitted with plugged out- 
lets through which the condensate, when thawed, may be removed 
by siphoning. The purpose of the stainless steel dome is to prevent 
freezing over of the vapor inlet to the condenser. It is because 
stainless steel is a poorer conductor of heat than copper that the 
copper sidewalls are at a lower temperature and can collect all the 
condensed ice. Unless this type of construction is used, inner de- 
flector baffles are required, hut these are likely to cause more dif- 
ficulty by freezing and clogging than the type of construction just 
discussed. 




f/g. 5.41. Large Dry-Ice type condenser operating with cham- 
ber-type equipment. 


A still larger conden.ser of thi.s Dry Ice type usta! ratluT 
sively through World War IJ is illiistraU'd in iMg, 5.41. Mure re- 
cently, an improved tvpe of Dry Ice cond(Mis{'r has hc'en developed 
which utilize.s the vacuum in the system to insulate the hath. The' 
hath is located in the center, as illustrated in Fig. 5,42. A phuto- 
graph of such an installation is illustratcM in Fig. 5.43. 

These condensers also permit the use of largf" blocks ol Dry 
lee, so that extensive chopping is not necessary. The so-called 
Wyckoff-Lag.sdin “pigs” consist of ('s.scmtially tliis same type <>l 
condenser with individual container outlet connectors (open nip- 
ples) spread around the outer periphery of the outside wall of the 
condenser.’* Drying with this type of equipment has the same dis- 
advantages a.s the use of a manifold, both from tlu' point ol view 
of the many vacuum-tight connections which must he made, and 
satisfactory control of heat. Jacobs’” described apparatus identical 
with that of the Wyckoff-Lagsdin “pig,” except that glass construc- 
tion was used with outlets like the original (mes with th(^ glass 
manifold.’ 
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Heckly lias described a glass type of Dry Ice condenser^'^ es- 
sentially the same in principle as that illustrated in Fig. 5.24. The 
secondary condenser, however, is a piece of glass tubing placed in- 
ternally within the main condenser and for this reason serves no 
useful purpose. The temperature of the secondary condenser is just 



Fig. 5 . 42 . Later type commercial Dry-Ice condenser. 

as Ingli as that of the main condenser and could be dispensed with 
by use of suitable baffle, Indeed, as has been shown with the con- 
dens(‘rs in commercial operation during the war of the type il- 
lustrated in big. 5.42, if the main condenser is of proper constriic- 
tioii, MO secondary condenser need be provided. The Hecklv 
condenser has the advantage of utilizing more or less standard 
glass parts, but the several rubber stopper conncetioiis are subject 
to leaks. The major disadvantage is in the fragility of glass parts, 
and today little or no commercially inaiiufaetiired equipment is 
used which is not of metal construction. Usually the value of the 
products being dried is so high that danger of losing them justifies 
the added cost of metal ccpiipmcnt. 
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CoHcleusdtlou li'ltlt Mccluinical Rcftv^crtiikiu: i'ixcd anil 
Moving Surfaces. When using Dr\’ Ico coiKlciiscrs, c'\'en though 
the Dry Ice bath may be maintained at 78 (i, tlu‘ teiupenUnre ol 
the surface of the ice as condensed nia\' lie considerabK' ah()\ (' this 
temperature. There are three reasons for this; (1) the eondueti\'it\' 
of heat across the layer of ice already eoiKhaised; (2) tlu^ “skin 
effect” of heat transfer as the ice condenses on the ie(' snriiice, iioin 
the ice to metal and from metal to the cold bath; and (d) tin* usual 
relatively small surface of condensation, ntili/iiig Drv lee, 

these factors are not serious because of its low leniperature. Wlaai 
using mechanical refrigeration, on the other hand, the low<'r tlu' 
temperature at which the BTU’s ol condensation nnist Ix' renxn t'd, 
the greater the amount of mechanical ladrigeration neeessata', 1){‘- 
cause compressors have a lower tonnage output at tlu' lowt'r the 


Fig. 5.43. Modern small-scale Dry-Ice type of plant. 
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temperature. By using condensers of large area, all the ice may be 
condensed as a relatively thin film. The loss in conductivity across 
tlie ice layer is reduced to a minimum. Because of the large area 
of condensation there is less temperature drop, since fewer BTU’s 
must be absorbed per square foot of surface. On this basis am- 
monia or “Freon” temperatures as high as -35°C are suitable’ ‘‘ 
and compressors of reasonable size are adequate. 

Defrosting of such condensers may be ^carried out quickly by 
cold-water sprays, steam, or hot fluid passed through the coils 
which provide the surface for condensation. Defrosting is all the 
more rapid since the layer of condensate is thin. By using two or 
more condensers in parallel the operation may be continuous, one 
condenser at a time being taken out for defrosting. 

Scraper type of condensers with blades much like those of a 
lawnmower have been used;’^ in these the layer of ice is kept thin 
by continual scraping, with discharge of fine ice into a receptacle. 
These condensers have the advantage of maintaining a thin layer 
of ice. Because of mechanical problems the extent of surface is 
usually made small and there is less efficiency than with an ex- 
tended fixed surface. Also, mechanical problems such as the freez- 
ing of scraper blades, tightness of stuffing boxes and the like, -arc 
not encountered with fixed surface.’'' Experience has proved that 
the moving type of condenser requires greater tonnage of refrig- 
eration for operation. On the other hand, the scraper type has been 
made to work well, and if satisfactory vacuum locks can !)e u.sed 
for removal of the scraped ice, a single condenser mav be used for 
continuous operation, although this usually is not done. 

Wetted Wall Condensation. Hygi-oscopic liquids at re- 
duced temperature may be used for condensation by being al- 
lowed to flow around the walls or along tubes in a vacuum con- 
denser, or the liquid may be sprayed to a chamber, Such liquids as 
glycol at temperatures of about 0°C or slightly lower have suitably 
low vapor pressures."'' The fluid is then removed from the vacuum 
system, heated for regeneration, and reinjected to the vacuum sys- 
tem. Continuous operation may be carried out iii this fashion. Hick- 
man"’ proposed spraying cold salt solutions like calcium chloride. 
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Chemical Desiccating Agtmts. Equipment utilizing a r(‘- 
geiierablc chemical desiccant has been found ine\pensi\e and 
convenient in operation, particularlv in smaller capac{ti(‘s, Tlu' 
initial cost of equipment, liowc'x er, when ^'er\ large \ idunu‘S must 
be processed (as in preparing blood plasma, etc.) is higher than 
that of other types. This is partly because of the size' of the desic- 
cant chambers, which must maintain the vacuum, and partly l>e- 
causc^ of the equipment for periodic rc'geiu'ration of tlu' d('sieeant. 
Furthermore, the routine regeneration of literally tons of desiccant 
makes this type of equipment less coiu'enient to opt'rate in largt'- 
scale production. For small-scale operation in hospitals and labo- 
ratories, consisting of less than a few liters per batch, the (irvoclunn 
procedure is simplest and provides the lowest-cost ccjuipnu'iit, This 
is especially so if dry-air o\'en stcnilizca's are a\'ailable for use in rt'- 
generation. Equipment utilizing built-in regenerators is used suc- 
cessfully. A small machine of this type is illustrated in Fig. 

Fig. 5.45 shows the interior of this chainher. The vc'ssels eontaiii- 
ing the product are kept within the refrigerated zoiu', which may 
also be heated by thermostatically controlled (T'etrieal lu'aters 
around the coils (not visible in photograph). AlUTiiatively, t'lee- 
tric shelves mav be used, the desiccant being below this area. This 
combination unit has the ad\'antage that tlu' heat ol r('aetioii ol 
the water vapor with the desiccant tends to 1)(' transferred to the 
containers wliert- heat is rec(iiired for sublimation. This st'lf-regc'ii- 
erating type of erjuipment is particularlv ad\'autageous iii out-ol- 
the-wav areas where Dry lc(' is unax ailable and where the capacity 
requirements do not justify larg(u‘ scale mc'chanieally H’[iigiaat<‘d 
condenser units. A number of these units ha\’(' hecai opcTutiiig tor 
as long as ten years in Africa and elsewluTe. Crvochem e(piipm('nt 
with calcium sulfate as desiccant has been used Iw the Food and 
Drug Admini-stration in test work and standardization of penieil- 
liri."" 

Calcium sulfate has lu^cn the most widely used chemical desic- 
cant for freez('-di\'iiig and has proved particularly satisfactory. Its 
theoretical capacity for water \apor to form the hemi-hydrate is 
6.6 per cent. Generally, in computing capacity, hnwe\x'r, it is saf(‘r 
to allow 6 per cent, since regemeration is not always complete. 
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Also, not more tlmii about oiie-qiiarter of this capacity should be 
used in drying a single batch because, unless special precautions 
arc taken to cool the calcium sulfate, its temperature rises during 



F/g. 5 . 44 . Single chamber-type of 4-liter Cryochem 
apparatus with built-in regenerator and with refrig- 
eration unit In combination for freezing and drying 
within the upper part of the chamber. 

rc.'action with water vapoi' to the point that too high a \'apor pres- 
sure is readied. Because of the \’ac'uiim conditions, and siiiccj cal- 
cium sulfate itself is a poor conductor of heat, the heat of reaction 
is not rapidly dissipated. Magnesium perchlorate has also been 
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used successfully, but because of the greater difRciiltv in regenera- 
tion it has not met with as great favor, particularU’ since tln^ lo\^’(n• 
vapor pressure it exhibits is not normallv re{|uired in freeze-drving. 
The non-regenerability of calcium chloride as w’ell as its d(‘li<jues- 
cent character render it more expensi\ e and less t‘on\ eni(mt to us('. 
Sulfuric acid for obvious reasons is not well suited to this purpose. 



F/'g. 5 . 45 . Interior of single chamber-type of Cryo- 
chem apparatus showing refrigeration coils and ste- 
rility rack for suporting containers. 


Physical Adsorbents: Adlrvac. Silica gd alumina and 
other physical adsorbents may be used. Thes(‘ generally have a 
greater saturation capacity for watm- \apor than cdicmical desic- 
cants like calcium sulfate. However, at vapor pressures sufficiently 
low for frccze-drying, the capacity for these is less than half that 
of calcium sulfate. Silica gel as an ad.sorbent has a va])or pressiiri' 
which increa.ses with every small increment in inoistuie adsorb(‘d. 
This is in contrast with chemical desiccants which form fixed chem- 
ical hydrates, these having a constant low \ apor pressure until sat- 
urated. This increased vapor pressure of adsorbents is paitieularly 
disadvantageous in a \'acuum desiccation process, because at the 
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end of the drying cycle the vapor pressure of the adsorbent is at a 
maxim am when it should be at a minimum. This can be prevented 
[)y changing to fresh desiccant at the end of a cycle. Hill and Pfeif- 
fer described so-called ‘"Adtevac” equipment utilizing adsorbents 
in which the capacity of silica gel is increased by placing it in me- 
chanicallv refrigerated canni.sters.“'^ 

Direct Pumping with Mechanical Pumps and with MuUh 
Stage Steam Ejectors. Direct pumping equipment is fundarmm- 
tally one of the simplest forms of drying equipment available. The 
same pumping system removes both water vapor and non-conden- 
sable gases. The equipment has, automatically, a tiemendous ca- 
pacity for initial evacuation (except in case ol steam ejectors) and 
adequate capacity for water vapor during drying. Furtlier, toward 
the end of drying, when the requirements for pumping water vapor 
are reduced, the pressure automatically becomes lower in the vac- 
uum system to aid in reducing the residual content of moisture in 
the product to a minimum level. 

Direct pmnpiiig may be carried out by jneans of either an 
ejector pump or an oil-sealed rotary pump. In the latter case, tlu' 
pump must be equipped for continuously removing water from tlu' 
oil of the vacuum pump, as by a centrifugal clarifier.'^ A multi- 
stage steam ejector with interstage-condensers is suitable and is 
widely used in large-scale operation,'^ in which case a separatt' 
“roughing” ejector for evacuation is needed. Evacuation jets have 
different design characteristics from the pumping jets. Combina- 
tions of these or [)f other accessory means, such as oil diffusion or 
oil ejector pi mips, may be used. In anv event, the volume occupied 
l)v the water vapor under conditions of such a high vacuum is tre- 
luendous, The pumps used must have an exceedingly high volu- 
metric capacity under these cojiditions (see Table 9). 

Upon casual consideration, it might appear that an ordinary 
oil-sealed mechanical rotary pump would have insufficient capac- 
ity because of its lower efficiency under conditions of high vac- 
uum. However, inasmuch a.s the water \apor is condensed on the 
high-pressure side of the rotary pump, at a pressure equal to the 
vapor pressure of water at the temperature at which the pump is 
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TABLE Q 

VOLUME OF WATER VAPOR UNDER HIGH 
VACUUM CONDITIONS 


Abftoluie Pres.vin’ 

Cu Ft Ih 

mm 

mirroitu ■ 

[JiPC) 

5.0 

’ 5000 

.'1.420 

1.0 

1000 

17.10(1 

0,5 

500 

54.200 

0.25 

250 

1)8.400 

O.Ol 

10 

1.710.000 

0.001 

1 1 

17.100.000 


1 11) of steam at atimisplieric pn-ssiire (7(i0 nun) ami 
lOO'^C (X‘(‘iipl<‘s '■2(1.8 cu fl 

Operating, the pump is able to operate' against a l)aek-[)r(‘s.suri‘ 
which is much below atmospheric. This is gc'iuTallv about 125 mm 
Ilg. In effect, this approximates a second stage' for tlu' pmu]), so 
that under actual conditions of pumping water \apor. a singh'- 
.stage oil-.sealed rotary pump will maintain its ('ilici('nc\ close' to 
100 per cent at 200 microns, 

Even .so, the capacity of anv me'chanical pump within practical 
limits is such that in the larger scale' ol ope'ratioiL a j('t-tv])e' ('je'ctor 
is preferred. In employing a steam e'je'ctor, eitlu'r a lour- nr fivt'- 
stage ejector mav be used. The greate'r the' number ol int('rce)n- 
densers, the highcT the efficiency in tlic utili/ation ol ste'am. The' 
value' of thi.s type of eejuipme'iit compare'd with low-te'inpe'ratiire' 
condensatiern must be ba,sed on the availability and relative' costs 
of .steam and cooling water compare'd with ch'ctrical powe'r lor tlu' 
refrigeration compressors. In any event, large (|uaiititje's of ste'am 
and cooling water are recjuired for steam eje'ctors. By-product fa- 
cilities for these may be available at certain locations and the cost 
of operation then becomes more fa\ ()rabl('. 

MISCELLANEOUS TYPES OF KQUIP.MKNT 

Elser, Thomas and Steffeir ' have suggested a variety of types 
of equipment. None of these, hnwe\'er, makes provision for rapid 
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and controlled introduction of heat as it is now used. Also, in re- 
cent years other forms and variations of laboratory equipment have 
been suggested, such as that of Wells, involving use of a labora- 
tory glass desiccator,-® and that of Folsom“" utilizing a single glass 
vessel for plasma attached to a single condenser of exactly the 
same type used with a manifold/ Cooper and Grabill-*^ have de- 
scribed a modified Cryochem apparatus"^ in which a standard 
S-necked “Pyrex” Wonllf bottle of 2-liter capacity is used to hold 
the desiccant. Heckly^® has also described a condenser and mani- 
fold apparatus essentially the same as originally used/ except that 
the manifold is placed in a vertical position and the secondary con- 
dense]- has been eliminated, as discussed earlier in this chapter. 
Bauer and Pickels®® and Srnadel, Randall and Warren®^ have de- 
scribed apparatus with vertical manifolds too; their purpose is to 
arrange the c(]ntainers ou the ]nanifolds in a freezer unit similar 
to an icc-crcain storage cabinet, Then the vapors from the mani- 
fold are carried through a connecting line at the t(]p to a standard 
Dry Ice condenser/ This type of equipment provides external 
means of controlling temperature of the product below freezing 
during the early stages of drying, and then by turning ofi the re- 
frigeration the tenipeiatnre can be increased gradually by means 
of a hot-air blast into the cabinet. This apparatus has been used ii] 
drying delicate viruses, Similar results should be obtainable with 
chamber type of equipment in which the temperature may be con- 
trolled siinilarlv at any desired point from about -40°C to as high 
as required. 

Bradish, Biain, and iMcFarlane^^ and Bradish®® have also re- 
ported on the iis(' of chamber equipment in which the tempera- 
ture of tli:-’ shelv(\s is regulated by the flow of ethyl alcoliol at low 
or rc]ati\ely liigh temperature. Just above the shelves supporting 
the travs of material being dried, either in bulk or in ampoules, 
there is a cold plate maintained at a temperature as low as — 80^C. 
This acts as a condenser and a\a:)ids the use of a vapor line. The 
theoretical aspects of this have been discussed in Chapter 2. Al- 
though there is some question as to the theoretical justification, in 
certain instances this type of installation possesses merit and has 
been used in the United States as well as in England, Similar vari- 
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atioiis have been described by many others. Goodspeed and Uber" 
have developed a type of freeze-drying apparatus for carrying out 
the Altmann technique for plant cytology. Here again, however, no 
provision wa.s made for rapid and controlled conditions of heating. 
Other similar equipment has been described l^y various iinesti- 
gators for carrying out the Altmann technique discussed under 
“Histology and Cytology” in Chapter 3. Frobisher, Parson, Pai and 
Hakiin^'’’ described another glass desiccator apparatus of a rather 
inefficient type for preserving stock cultures. ,\n ovdinarv merenrv 
tnancmeter is suggested as a means of reading the so 

there is no means of knowing whether the proper degree v>\ vae- 
uuin in the microji range has been obtained for ean viiig out fr('(‘Z(‘- 
dryiiig. Apparently the method and apparatus do not giNc vit\ sat- 
isfactory results becau.so the authors state that sonu’ specie's like 
pathogenic Neisseria and Hemophilus did not sur\ i\ e long niKka- 
the conditions described, whereas we know that these organisms 
are readily enough kept in via])le form tor manv )’(‘ars following 
]:)roper free/e-diying. 

COSTS 

In 1935, with Dry Ice at the low(‘st available pt iei'. two cents 
[lei- pound, it was estimated’ that ilie cost of li)rv lee eonsiimed in 
processing was about eight cents for eaeli 25 ml of serum under 
the best operating conditions, This would amount to aboni one 
dollar per 300 ml dose of blood plasma. No attempt was made to 
estimate the other costs involved, but if is obvious that tlusse would 
have been tremendous. Today this lias been icduced to much be- 
low the earlier figure. The electricity used lor operation of refrig- 
eration compressors is almost negligible in comparison with the 
eight cents formerly required for Dry Ice. For tlic .’iOd-ml dose »t 
blood plasma, these power costs, both for freezing and for refrig- 
eration of the condenser, amount to only about five cents; there- 
fore, the major cost is one of labor and that is not great. Inasmuch 
as medical products must be dispensed in indis idnal bottles, and 
packaged in any event, these operations should not be included as 
part of the cost of freeze-drying- It will generally be found that 
freeze-drying today adds but little to the cost of most medical 
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products. Inasmuch as the major item of expense involves factors 
of overhead, labor, amortization of the equipment, and the like, 
no fixed figures may be given, as they vary with local conditions 
from plant to plant. The cost of other operations, such as filtration 
of serum, centrifugation of blood plasma, etc., is higher than that 
of freeze-drying operation per se, 

TYPICAL LABORATORY PROCEDURE 

Naturally, the exact procedure must be adapted to the type of 
e(piipinent being used. During the past few years, as has been seen 
above, there have been so many variations and minor modifications 
published that it would be futile to attempt to describe them all. 
The following may be taken as typical of procedure followed with 
what has been perhaps the most widely used form of laboratory 
equipment. 

Further, even with the same general type of equipment there 
will be some modification in procedure depending upon the spe- 
cific product being dried and also the volume in which it is dried. 
This typical procedure will be described in terms of drying of cul- 
tures of bacteria and viruses. In view of the comprehensive dis- 
cussion of the various factors given in this chapter the procedure 
described can readily enough be adapted to any specific form of 
apparatus and to almost any type of product. 

In the 1935 type of equipment’ illustrated in Fig. 5.46, the 
metal condenser is contained within the large thermos bottle con- 
taining li)iy Ice in methyl “Ccllosolve. ’ The vacuum pump is shown 
at the left. The containers and the exliaust tube assembly with rub- 
ber stoppers are sterilized according to usual bacteriological prac- 
tice before filling and freezing. Prefreezing in the various types of 
containers is carried out in the Dry Ice freezing bath. These con- 
tainers, Nos. 1, 2, 3, 4 and 5, are shown attached to the manifold 
after freezing. Also, the 95 x 7 mm Hint glass test tubes described 
on p, 149 may be used. See Chapter 3 for culture menstriim. 

Controlled heating of the culture during drying is made simple 
and automatic because the rate of sublimation of water vapor is 
regulated by the surface conditions set up in freezing, That is, the 
material is initially frozen in containers of proper size and shape, 



Fig. 5A6. Dry-Ice equipment for virus research. 


in such a way as to give the correct relationship of the (‘\'aporating 
surface of the frozen culture to the surfac(‘ adjacent to tlu‘ glass, 
through which atmospheric heat is tvansfm'recl to the iVo/aai solid. 
The (waporating surface must he large in lahition to the smiace 
of glass exposed to the atmosphere tlirough which luxit is In-ing 
supplied. That is the reason for placing the bottles on tlu'ir sides 
for freezing. By gentle rocking hack and fortlr a tliin lavm- fro/eu 
on the inner wall of the container proxides a large (o aporaliiig 
surface. Alternatively, by rotating the bottles during lixr/.ing in 
a properly shaped bath, the culture nuiv Ire “sluh fro/xm ' around 
the entire inner periphery of the glass containers. Tluac should he 
no bubbling or melting of the prt'paration during tlu' early stugr's 
of drying or at any other time. As discussed above, llu' actual tem- 
perature needed for a particular culture during drying depends 
entirely upon the type of jrrepLiration. This must he detc'rmiiKal 
experimentally. Proper proxision for the escapr* ol water sapor 
from the container to the condenser is pros' ideal by having tubes 
of adequate diametei'. 

The culture in its coJitainers is brought to a \ ctv low tempera- 
ture before attaching to the manifold, Attachment of the contain- 
ers to the manifold must be rapid, \aicuum is quickly drawn by the 
pump to avoid thawing b)^ perjiiitting rapid sublimation to tak(‘ 
place as soon as possible, (The apparatus should be sufiicieiitly 
tight to the vacuum pump to produce about 50 to 100 microns on 



Fig. 5.47. Small Canadian Installation for blood plasma. Two 
small drying chambers on the left were the first used in World 
War II as described in Chapter 1 before being incorporated in 
the expanded plant as illustrated. Large mechanically-refriger- 
ated condenser Is shown suspended from the ceiling In the fore- 
ground. 

“blank suntioii" witliont cnlture being dried, i.e., tested before- 
liaiid). If the 95 \ 7 inin tubes are used, it is best to place a freez- 
ing batli around them after attachment to the manifold until evac- 
uation to at least 400. 

Drying must be continued until the final moisture content has 
been reduced to les.s than 1.0 per cent and jncferably below 0.5 
per cent. During the early .stages of drying, frost collects from the 
atmosphere on the outer walls of the containers. After the ice 
within th(* frozen cultuie preparation lias almost completely sub- 
limed, the temperature automatically starts to rise. At the same 
time th(' frost on the out.sid(' walls of the container will disappear 
and be replaced by liquid condensation. This indicates a tempera- 
ture above 0'"C, but below that of the room. Finally, the tempera- 
ture of the eultiire reaches tliat of the room and all condensation 
on the outer walls of the container disappears. The total length of 
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time to reach this point should be noted and then about hall that 
number of hours additional should be allowed lor rednetion to 
proper final le\'el of moisture contimt. 

Ill the case of cultures, to a\'oid contamination it is di'sirahlr' to 
seal the exhaust tubes of the container under oriifiiial vacuum bv 
fusion of the glass with a (lame. ‘Tvrex" glass is spc'cilied lu'eause 
of its low thermal coelfieient ol expansion; that is. it \^■ill withstand 
the temperature shock of sudden 1 uniting so that tlu‘ glass inav be 
drawn to a capillary and finally sealed by fusion. As a gl ass-1 >1 own r 
will recognize, it is not possible to allow slow lusiting of tlie glass 
followed by slow cooling, as is enstomars' in glass blow in g, becLinse 
of the large size of tln^ glass tube' holding vaeimin; it wmild hv 
“sucked iif’ to form a hole which would allow air to h'ak in. 

After initial attachment of the sterile eoiitaineis. (he dirtrtioii 
of floxvof all air and vapors is outward Iroiii tlu' eoiitaiiuas into tla- 
manifold, and this flow is rapid, beeausr' ol the- shapt' of th(' (‘\- 
haust tubes as ilhistratc'd (Fig. o.l and 5.5). with all glass :oid 
rubber parts up to the manifold lia\ iiig been piv\ iousl\ sterili/ial 

Fig. 5.48. Part of a row of 20 drying chambers at Sharp & 
Dohme which represents the largest medical freeze-drying instal- 
lation in the world. Chamber doors open in the sterile area, all 
refrigeration and mechanical equipment being located in adja- 
cent machine room. 





fig. 5.49. Part of equipment and 1 1 condensers for operation of 
the drying plant illustrated in Figure 48. 


it is not possible for any contamination to occur by gravity front 
the manifold itself. Therefore the manifold itself need not be ster- 
ilized in normal opm’ation. Finally, by sealing nnden' original vac- 
unin the cultures are obtained in final form without contamination. 

Where Idry Ice is not available, the Cryochem type of equip- 
ment inentioiied above is used, as illustrated in Fig. 5.27. The spe- 
cially prepared calcium sulfate is supported in special perforated 
trays containing the desiccant in a bed about 2 or 3 inches deep in 
each tray. The trays must be supported with proper .separations 
between them to allow easy access of water vapor to the desic- 
cant, Theoretical stoichiometric capacity of the desiccant for wa* 
ter vapor is 6.6 per cent by weight to form the hemi-hydratc. In 
practice about 6 per cent is utilized. Per single batch not over one- 
quarter of this amount, i.e., 1.5 per cent is utilized because of the 
temperature conditions within the desiccant, that is, it is warmed 
by the heat of reaction with water \ apor. However, four such maxi- 
mum batches or more of smaller size may be dried before regenera- 
tion is necessary. 
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For regeneration of the calcium sulfate, heating in an urchiiarv 
oven like a bacteriological dry wall sterilizer is carried out. Tlu‘ 
oven should be operated at a temperature^ of ISO to 200 'C. ^Vheu 
the desiccant itself reaches ix^geiieration is complete, but it 

should be checked by moisture analysis to be certain that it is be- 
low about 0.2 or 0.3 per cent. The desiccant is ini ti alb' piepared 
from gypsum in the same manner and is aAailable commevcialK'. 

With this apparatu.s the same tvp(' of manifold anti t'ontainers 
may be used as was discussed witli Drv lee e((uipment abo\ t'. In 
the illustration, however, vabes are shown on each ontk't which 
facilitates operation as previously discussed (ineliidiiig tiu' ust' ol 
non-“Pvrex” type of glassware for materials otluT than cultures). 
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CHAPTER 6: EQUIPMENT FOR FOODS 


BATCH OPERATION 

LARGE drying chambers si^nilar to that illustrated in Fig. 6.1 may 
be used. In larger sizes it is more advantageous to construct these 
chambers as large cylinders because of lower cost. For the same 
amount of space^ cylindrical construction is cheaper than rectan- 
gular, but there is more waste space in the former. 

It is preferable to place products in direct contact with the 
shelves during drying so that better heat transfer is obtained. From 
metering tanks these shelves mav be loaded automatically so that 
there is little labor in this operation. 

Hot water is circulated through the hollow shelves and jacket 
under controlled conditions, as discussed in Chapter 2. At the end 
of drying, the product may be broken up with a long knilc or hoc- 
like blades and removed. The shelves are tilted and with vibration 
allow the product to be easily unloaded. It is usually placed in 
drums which can be sealed and transferred to a packaging room. 
Other automatic means are available, these varying with the par- 
ticular products. 

Raw meat, shell-fish, and other solids are preferably frozen in 
trays which are then transferred to the dryer shelves. These same 
tra\'s are removed after drying which simplifies unloading in the 
case of such products. With products like oysters and clams con- 
siderable care must be gi\^en to the unloading operation to avoid 
breakage of the dry, friable mass. 

A plant to produce about three tons of dry orange crystals per 
dav from unconcentrated juice would require 12 vacuum chambers 
218 
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of this type. If cylindrical, the diameter is 9 ft and tlic leinrth 12 ft. 
The chamber mu.st be constructed entirely of stainle.ss steel. Both 
ends of the drying chamber arc arranged with ,|uiek-op(‘ning 
doors which arc held tight during the drying operation In- means 
of swinging 1-bolts to pull the door into a seat of heas v l uhber 



Fig. 6.1. Chamber for meat. 


gasket. Actually, alter tlie equij^inent is iiiidi'r vacuiiin. tlic pir.s- 
.surc of the atmosphcM'i' is siitliciiait to seal tli(‘ door and liold it 
tight. The I-bolts serve to pull tlie door in vyvwW at the tiinr of 
closing in order to obtain a tight enough seal to start evacuation. 
After the vacuum has been reduced a few inclu'S the atinosph<'re 
does the re.st. 

In such large dryers the doors are .supported on jib craiK>s and 
are well balanced. Mounting is arranged so that tlie dfiors can ])e 
readily opened and swung out of the wav for unloading. It is ik'c- 
essary to construct the jackets and hollow .shelves to withstand 
the vacuum operation since there is pressure within tlie jackets 
and shelves. Suitable manifolds are provided to earrv tlic^ lieat (‘.\- 
change fluid into the jackets and sheh es. 
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Burton’ has described another type l)atch dryer which uti- 
lizes the warm water- jacketed walls of a vertical and cylindrical 
tank. In thi.s case the juice is sprayed onto the wall for self-freezing 
under the influence of a vacuum of 500 to 700 microns. The thick- 
ness of the layer is adjusted for a six-hour drying cycle and auto- 
matic means are used for discharging the product, such as by 
scraping with blades which are permanently installed. Tlie prod- 
uct is then discharged in customary fashioirto a vacuum can at the 
bottom of the dryer which may be transported on a dolly arrange- 
ment to a packaging room where the relative humidity has been 
reduced to 20 per cent. In this particular case, the concentrate is 
dried; this has been prepared by vacuum evaporation in the range 
of 10 to 15 mm by passing through a series of 13 such concentra- 
tors. The preconcentrating part of the equipment is continuous, but 
the final drying is of more or less standard means. 

A battery of mechanical pumps or multi-stage large steam ejec- 
tors is used for evacuation. In the latter case, a separate ejector is 
necessary, usually three or four stages for “roughing.’' This has 
different design characteristics from tliat used for holding high 
vacuum. The latter is usually four or five stages. The reason for 
the two ejectors is that during the "roughing” operation, large 
(|u antities of air arc removed, which means that the first and sec- 
ond stages must be of high capacity. Steam requirements are large. 
During the holding operation, while drying is taking place, as there 
is not much air going through the ejector these stages can be made 
considerably smaller, sa\ iiig in cost of steam. The advantage of me- 
chanical pumps lies in the fact that the same equipment can be 
used both for roughing and for holding high vacuum. This means 
less standby equipment. The limitation in use of mechanical pumps 
is reached when the multiplicity of individual pumps is too great 
for convenience of maintenance. 

For removal of water vapor, either a steam ejector or mechani- 
cally refrigerated condensers arc used, as discussed in Chapter 2. 
If steam ejectors are used, the design characteristics must be for 
the same vacuum range as in low temperature condensation. 
Therefore, the ejectors used in direct pumping compare with 
those used for holding high vacuum only, in conjunction with a 



equipment for foods • 221 

refrigerated condenser. Naturally, however, when the (ejector is 
pumping all the water vapor as well as air and otht'r iion-condon- 
sables, the third and fourth stages must be considtuahlv larger, but 
the first and second arc the same. To determine size simplx' re{piires 
calculation of the weight of water \apor to be pumped at various 
pressures based on drying rates, as mentioned in Chapter 2. 

If mechanically refrigerated condensers are used, the\ max hv 
welded directly to the drying chambers. This is preferabh' to the 
use of vapor lines, since large vab es are not used. This makes it 
possible to secure unrestricted flow of x-apor more readilx . 

The low-temperature condensers in large sizes needed for foods 
are refrigerated with ammonia, using compound eoinprc'ssion. Tlu' 
condensers may be either of the multiple extended and fi\('d-sur- 
face type to give continuous condensation (similar to tliose for 
medical products) or they may be of the scraper Ixpe,” xvhieh also 
lend themselves to continuous operation. With the latter tx pe, tlu' 
same considerations apply as with medical products witii ic'gard 
to the lower ammonia temperature xxTich must hi; maintiiiued. 
The maintenance problems and higher initial cost also must be 
balanced against the use of multiple extended surface of tlu' fixed 
type, in which one condenser out of a s(‘rics is alwavs in tlic' de- 
frosting part of the cycle. With the scrapeu' tx'p(‘ standl)v <’(}m'p- 
ment is necessary, so there is some idle iuxnstment too. sa'k'c- 
tioii of the type of condensers to be used must be bascal on tluxse 
relative advantages and disadvantages. 

In the case of the orangc-juicc plant discnss('d a])ox'(', ammonia 
refrigeration would require the installation ol about 1200 electrical 
horsepower. Except on initial pull-down, the actual con.sumptioii 
would be about two-thirds of this amount, 

CONTINUOUS OPERATION 

In large-scale industrial production, continuous optu-ation is 
considered to be the ultimate goal. The reasons for thi.s are .s(‘v- 
eral, from elimination of storage of quantities of raw product 
between batches on an uneven flow (such as in juicing operations 
for orange juice), to allowing packaging operations to proc(‘ed 
with uniformity and reduction of labor. 
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III drying by sublimation, Iiowevcr, continuously operating 
equipment involves more than ordinary problems in mechanical 
engineering. Generally speaking, stulfing boxes and other moving 
parts under liigli vacuum provide difficulties in maintenance. Leaks 
in any high-vacuum system of this sort spell death to smooth opera- 
tion. Every cubic foot of air which leaks into the system expands to 
nearly 2,000 cu ft at high vacuum, and all this must be exhausted 
at once by the pumps. Such moving parts must be avoided, if pos- 
sible, A virtually continuous flow can be achieved in what might be 
termed ''batch cycling," and this avoids such problems. 

By use of a number of dryers operating in sequence on a cycle 
which permits loading and unloading on a nearly continuous basis, 
the first two of the above advantages in continuous operation are 
met. By providing automatic filling of the drying chambers prior 
to freezing and drying, together with mechanical means for un- 
loading, labor is reduced to a low point, lower than in fully con- 
tinuous operation if maintenance is considered. 

The reliability and simplicity in incchanical operation of tlie 
high-vacuum (xpiipmcnt used in batch cycling offer the strongest 
challenge to any piece of equipment which introduces precarious 
mechanics. In addition, this type of equipment greatly simplifies 
the problem of I'apid introduction of heat into the frozen material 
without harm to it. 

On the other hand, witli further mechanical progress, iin- 
doLihtedly a satisfactory continuous machim' will he developed. 
There lau c been several attempts, and eventuallv it is to be ex- 
pected that such ecpiipment may come to be used, at least for cer- 
tain products (some, like oysters, will provide more serious me- 
chanical obstacles for continuous handling). Morse' has described 
bellows-tvpe and greasc-tvpe seals suitable for such e(piipmcnt. 

With liquid products like orange juice, the juice or concentrate 
mav 1)0 spraved into tall towers under high vacuum. The particles 
will .self-freeze and puff and fall to the bottom of tlie eliamber. Be- 
cau.se of the flow of vapors at high velocity the fall of the finely 
divided particles is sufficiently retarded that drying can l)e com- 
pleted bv the time the powder reaches the bottom of the tower, 
with proper supply of heat, Greaves^ described attempts at spray 
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drying from the frozen state, but toiiiid no satisfacton- solution 
to the various problems, particularls- that of suppK-ing the beat of 
sublimation in the required time. 

Also, contiiiiioiis drying on drums as ;\t! 1 as on belts has l>e(m 
tried."^ The product may be sprayed onto tliese mo\ ing surfaces, or 
it may be brushed on by some of i('cd dcN iec such as an (n i'r- 
flow pipe with proper spreader blade. W’itli a belt-operated ma- 
chine the product needs to be taken through a mimh('r of lu^alcal 
/ones. When drying concentrate it is necessar\ to chill tlu' final 
dried product to a certain e\tent before^ unloading because of its 
plastic nature at higher temperatures used at tlu' emd of iwv/.v- 
drying. This same consideratioiu of course', applic's to lialch drx ini^; 
but with a contimumsly operating belt a final cooler /oiu' is pro- 
vided for the purpose. Heat may be applied by nu'aiis or radiation 
from steam-heated platcms or hv means of iiifrarc'd lamps. The lat- 
ter represents higher operating cost, as el('et;'icit\- costs inon' than 
coal or steam used direct. In fact, tlu- c'ost of el('C‘trieit\' used in 
infrared lamps may he as great as tiuit of cari\ ing nut all tlu* re- 
mainder of the freeze-drving operations. The' same prohlcans exist 
ill the case of a drum and are ex'cn harder to men't. 

Any one of these three types of continnons macliine must lia\ (' 
an arrangement for discharging the matcTial. Since' the product is 
dry and flowable, it mav be carried along hv \ arious known means, 
such as by vibrating .screens or on licit, s. The product miisl lie car- 
ried into a vacuum-lock chamber irom wliicli it is canaVd to (he 
packaging room. 

With cither one of these types of continuous c([nipm('iit, the 
same vacuum-pumping means, low-tcmpcratmc condensers and 
other equipment for removal of air and water \ apor would lie used 
as with the batch operation. The same capacity would la' rcc min'd 
for the same daily output, i.c., there would be no saving as th(' 
result of continuous operation in penver or macliinc' co.sts tor r(‘- 
moval of water vapor and for c\acuatioii. 

Tumbling types of equipment hax'c also liecii suggested, and 
these could be used with frozen meat particles and with granu- 
lated frozen juice.s and extracts. Because of the plastic condition 
of many juices and extracts, h()we\er. lower drying ti'mpj'ralnres 
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would havo to be used to avoid sticking of particles, and this would 
increase the cost. With products like meat, there would be consid- 
erable breakage of the small particles and the reconstituted final 
product would not be as satisfactory. With products like eggs, in 
which a non-plastic powder is obtained, this type of equipment is 
highly satisfactory. Ilormel’ has described a machine of this gen- 
eral type in which the rotating drum consists of a basket-like ma- 
terial. As it dries the product falls through .the holes and is taken 
out of the zone of infrared radiation. It remains in the heated zone 
only as long as the ice phase is present, but when dry it becomes 
friable and falls through the screen. This affords a convenient 
means for carrying pre-frozen products through a hot zone with 
continuous removal into a vacuum-lock chamber. 

PACKAGING 

It is just as necessary to withhold moisture from foods which 
have been dried by sublimation as it is from medical products. Un- 
til now, only packages made of metal or glass have been found to 
meet the necessary requirements. Small tin cans arc very satis- 
factory. Extruded tubes of tin or aluminum with proper type of 
hermetic seal have been found quite satisfactory for certain 
products such as fruit juices and coffee extracts after testing over a 
period of years. Aliimiiiiim foil is satisfactory and is well suited for 
single-serving packages. 

Air-conditioning must be used during the packaging operation, 
with adequate reduction in humidity to pre\^ent excessive absorp- 
tion of moisture. The temperature and humidity of the air must 
both be controlled in relation to the vapor pressure of the product 
and the temperature at which it is being packaged, to minimize 
increase in moisture content of the product. This docs not mean 
that the vapor pressure in the air must be below that of the prod- 
uct, but it must be near enough so that during the time required 
for packaging the product will not pick up excessive moisture. 

Many products are entirely stable when sealed under air, pro- 
vided practically all moisture is excluded, Foods containing fats or 
lipoids must be sealed either under vacuum or in inert gas because 
oxidation proceeds even in the absence of moisture. Tin cans and 
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jars with propci seals may be reaciih’ used fcir \’aeiuim packa<^iiiif. 
There is 110 reason why even toil packages could not be used tor 
sealing in vacuo, but equipment tor this purpose is still iii the de- 
velop mental stage. 

Other small packages have been tested, but hoik* {'\eept those 
of metal or glass have been found suitable. Ck'llophaue, “Pli- 
olilin ” and various types of waterproof papers hwv bt'en found 
insufficiently vaporpropf for tliis purpose. In the ease ol some 
foods, however, there may be reason to combine certain of these 
other materials with metal foil. 

COSTS 

The cost of drying by sublimation natural Iv varies witli th<' 
product in question, the solids content, temperatures laapiired dur- 
ing drying, amount of handling, and the like. With produets of 
relatively high value, such as orange juie(‘. goat’s milk and numt, 
the cost of drying is low in relation to the eombined eo.st of tlu' 
raw material and the cost of preserving l)v other methods \\'lueh 
do not yield a high quality product. Tlie drying of oysters which 
yield friable solids entails higher handling cost. 

The approximate eo.st of drying ordinary pi ( id nets may 1 )C' d(‘- 
termined on the basis of an approximate cost per pound of watcu' 
to be removed. That is to sav, the di Her cnees in drying mo.st lit pi id 
food products which have been considered are not gr(“at enough to 
involve a wide variation in power costs jTcr [jound of \vat(T to b(‘ 
removed, so that preliminary costs mav be bas(‘d on th(‘ actual p(‘r- 
centage of water. There are exceptions to this in products wliieh, 
when highly concentrated, become plastic solids at fretv.ing ttun- 
perature. These oEer greater cost pt'r pound of water to bt‘ r(‘- 
moved. Also, the relative degree of porosity, as in the ease with 
protein solutions versus solutions high in sugar content, affects the 
relative ease of removal of water, tliis often b(‘ing as mneh on tlm 
basis of temperature as anything ehv. Until there' has bcHui exten- 
sive commercial drying of foods by sublimation accurate' cost fig- 
ures will not be available. 

In Table 1 is given an estimate on the cost of prejduction of 
meat based on its final dry weight. It must Ijo borne in mind that 
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this is purely an estimate and conditions would naturally vary 
from plant to plant, but the table will serve as a guide to the fac- 
tors which must be considered. To these costs must be added that 
of th(i raw meat and its preparation for drying as well as the cost 
of cans used in packaging. Only productive overhead as applied 
to the drying operation /Jcr se has been included. This item, too, 
would naturally vary with local conditions. 

TABLE 1 

PRODUCTION OF RAW GROUND B E E F : — T Y P I C A L 
ESTIMATE OF TOTAL COST ON A 
PRODUCTION SCALE (1941 ) 


Labor and power for drying 

Cost per pound 
of dehydrated 
raw meat 

$0.08 

Laljor fr)r packaging 

.01 

Amortizatioji of drying ccpiipment 

.03 

interest, overhead, and royalty 

.10 

Total co.st of drying per pound ol dry*^ 

meat $0.22 

’ Will be appro\'iniat{'ly four f'cnts per pound of fresh meat. 

TABLE 2 

ORANGE CRYSTAL DRYING PLANT 

; ESTIMATE OF 

TYPICAL PRODUCTION COSTS (1941) 

Daily capacity 

Juice 

48,000 Ihs. 

Crystals'’ 

4,800 lbs. 

Seasonal capacitv [ 

Crystals 

720,000 lbs. 

Cost of producing 1 lb. of 
crystals, from straight juice 

Labor, estimated at $1.50 

per hour 

$0.02 

Water 

0.001 

Steam 

0.006 

Electricity 

0.09 

Total' 

$0,117 


* The dailv' capaeity in tenns of crystals could be quadrupled by the use 
of u good concentrate. 

f The seasonal capacity is based on 5 months’ operation. It can be in- 
creased 8 times by holding frozen concentrate for 12 months’ operation. 
‘ Add cost of packaging in No. 2}i cans. 
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In lable 2 is shown a similar tvpical ih-nii/atioii of th(' costs 
directly involved in drying orange juice, Table gi\ es a schedule 
of the total cost of making the hiial product, including packaging 
as for institutional, restaurant or military uses. Most of die itmus in 
Table 3 are for other than drying and naturallv will xaiy with in- 
dividual plants, particularly cnvihcad, as well as with' cost and 
type of fruit m any given season. In geiu'ral, the power eosl of ri'- 
moval of water from foods on a large eouiinereial scale is on ihv 
order of two to four cents per pound of watt'r. .Ml lhes(‘ ('stimati's 
are based on the 1941 price level, 


TAHLK 

PRODUCTION OF ORANGE JUICE CRYSTALS BY SUB- 
LIMATION DRYING: TYPICAL ESTIMATE OF 
total COST (194?) 

Thi.s is based on a dailv eapacilN' of 21 tons of jiiieie 
which would require about 1, ()()() ])o\es of fruit daiK. 


Figures repre.sciit use of straight juii'c for 

5 inontlis' 

operation . 

Drying 

CoxV 
jx'y Ih. 
cnisfals 

Production, labor and power 

from 4 able 2 

S(t.! 17 

Juice, figured at 32.50 jK'r box of 
fruit delivered, 13 pc'r cent .solids, 

yielding 5 lbs. ol crystals pir box 

0,50 

Extraction 

0.0} 

Stabilizer ‘ 

0.023 

Labor for packaging 

tt.OI 

Amortization 

Drying equipment (5 yrs. ) 

0.005 

Production plant 

0,!0 

Container cost, using No. 2h cans 
for I'lYi oz, of crystals, and carton 

cost for 48 cans per case 

0,050 

Interest, oxx'rhead and royalty 

0,150 

Total cost per pound of finislied product 

SI. 007 


* Not required witli the juice of all fruit, but in many cases a .siijn-rior 
product may be obtained by the use of a stabilizer. 
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APPENDIX I 

List of U. S. Patents 


Re 20,969: Reichel 
1,970,956: Elser 
2,085,;191; Reichel 
2,085,392: Reichel 
2,099,659; Reichel 
2,149,304; Masucci 
2,163,996: Flosdorf 
2,166,074: Reichel 
2,176,004: Reichel 
2,176,011: Pittengcr 
2,176,042: Pittcngei- 
2,198,752: Ran- 
2,199,815: Flostlorl 
2,199,816: Klosdorf 
2,199,817: Flosdorf 
2,215,265: Flosdorf 
2,225,627: Flosdorf 
2,225,774: Flosdorf 
2,283,867: Flosdorf and Stokes, ]r, 
2,290,355: Reichel 
2,292,447: Irwin, Jr. 

2,324,237: Reichel 
2,340,102: Barr 

2,345,548: Flosdorf and Stokes, Sr. 

2,352,581: Winkler 

2.353,985: Barr 

2,353,986: Barr 

2,354,200: Cutler 

2,372,181: Ban- 

2,372,182: Barr 


2,372,352: Barr 
2,371.232: Pfeiffer and Hill 
2,380,036: Flosdoil 
2 ,3 SO , 33 9 : S i {.' (h'n 1 0 p f 
2,3SS,134: Flosdorf, \\'estin 
and Stokt's, [r. 
2,388,917; llonnel 
2,389,452; Pallt'rson 
2,396,56! ; Flosdorf 
2,100,718; Mosdorf 
2,102,401; [liekman 

2,106.682: lla\(‘san(l liunies 
2,4! !,!52; I'olsoni 
2,131,196: Xateisoii and W'dss 
2, 433,193: Bee! 1 1 tier 
2,133,905: linglies', jr. 
2,135,503: Fi'\iiisi)ii d ill. 

2. 135,851: Tavlnr 
2,136,693: Hickman 
2,437.060: Willi.mis and 
Dciitsch 

2,438,150: Culler 
2,411,730: Strninia 

2,111,121: \\'edl(T 
2,445,120: Lc'vinson rl al. 
2,453,033; IHtterson 
2,459,329: Levm.son c/ al. 
2,460,197: IT. L. Smith, ]r. 
2.471.677; Flosdorl 
2,471,678; Flosdorf 


22 ft 



APPENDIX II 

Sherwood’s Studies with Penicillin 

I'he following information has been received as a personal com- 
munication from Professor T. K. Sherwood of the Massachusetts 
Institute of Technology, based on early war-time investigation, 
and is included with his permission. Although penicillin of type 
described is no longer produced and crystalline penicillin is not 
free'/e-dried, the work is of interest as related to general principles 
of frcczo-diying. 

One of the first considerations of Sherwood was the matter of 
transfer of heat to the containers. “The bottles have an inside di- 
ameter of approximately 2,8 cm. and the original ice thickness with 
a 10 cc charge is about 1.8 cm. The ice has a thermal conductivity 
of roughly 0.0054 g cal/ (sec) (sq cm) (°C/cm), so that the heat 
flux through the original ice tliickiiess with a 20^’C temperature 
difference is 1300 g cal/hr, c^orrespouding to a rate of vaporization 
of 1,9 g/hr. This checks the initial slopes of totalled curves .suffi- 
ciently closely to suggest that heat transfer up through the ice is 
the controlling factor. The vertical glass wall has a cross .section of 
(mlv 31' 7 of that of the ice and the conductivity of glass is roughly 
but oiie-thivd of tliat of ice, so conduction up tlirough the glass 
walls should b(" small. The heat conductio]i up tlirough the ice can- 
not be calciilat(’d simply, because the bottles unfortunately have 
concave bottoms, and contact with the plate occurs only at the rim. 
hadiation from plate to the bottom ice-surface tends to make the 
heat input to die bottom more unifoi iii than if heat were transferred 
only by contact at the rim, l)ut if the plate is at 20 “C and the ice 
at 0°C the rate of radiation corresponds to only about 0.13 g/hr ice 
evaporated. Radiation at these temperatures, even to the side walls 
of the bottle, can be only a minor factor. This last conclusion is 
horn out by the fact tliat the rate of vaporization of the icy ball is 
very low. 

‘Tn spite of the close check of rate of heat conduction through 
230 
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the ice and initial rates of \apori/.ation, there app('ar to he seseral 
reasons to believe tliat this heat conduction cannot be the onl)' fae- 
tor. The most obvious is the fact that tlie rate of \'ap<)ri/ation de- 
creases as the ice layer becomes thinner. A second reason is tlie 
relatively small variation in average rate in Huns 1, 2 and 3. in 
which the initial ice thickness varied three-fold. Actuallv, tlu' low- 
est rates were obtained with the smallest initial ice thickness. Fi- 
nally, in Run 31 a high rate was obtaiiaal with an ampoule in 
which the ice was fro:^:en on the walls, in wRich cas(“ tlu' \'{']tical 
heat conduction rate could have been very small." 

The next consideration of Slierwoods investigations was tlu' 
matter of vapor diffusion. "Convection currents abovi' tht' ice in 
the bottle must be very small at the low operating pia'ssure, so the 
possibility suggests itself that the controlling rate inav he the rat (' 
of molecular diffusion in the gas space over the charge'. This ap- 
pears to be ruled out bv tlu' fact that tlu' rate' was not grc-atlv in- 
creased by cutting off the top of the' bottle. 

'The fluffy re.sidual .salt deposit ]n-ese'ut.s a resislaiiet' (o vapor 
removal from the ice .surface bemeath; it inav be coiisideTi'd ('ithe'r 
as a layer offering re.sistance to molecular dilhision of watc'r vapor 
or as offering frictional resistance to vaipor passage* because' of the* 
high volumetric vapen rates and small passages in the- form of 
pores. Since this resistance increases prejgressivelv as the’ charge* 
evaporates, it might seem, at first tlieaiglit, to e'xplain the* de'cre’as- 
ing rate and the high rates obtained with shell -fre)/e'ii charges. As 
pointed out previenisiv, however, tlie* v apori/ation of Iro/.en dis- 
tilled water proceeds at roughiv' the* same* rate as in the* case* ol the* 
salt solutions, so the salt residue cannot he a controlling factor." 

Sherwood then arrived at an elcjnemtarv tlu'orv ol drving from 
scrum bottles, this being based on the eonside*ration tliat tlie rale* 
of heat input is proportional to the temperatuj'e dilierence hetwee'u 
the source of heat and the evaporating surface, and tliat the: rate is 
also proportional to the pressure difference be'tvva'eii the evaporat- 
ing surface and the condenser." 

(In determining the pressure of water vapor only in the vae- 
iium system, Sherwootl used the icy ball rc'ferred to mi ])age 230. 
This is discussed on page 61.) 
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where fi - rate of drying, g/hr 

'ip = temperature of plate, or heat source, 

T, - temperature of evaporating surface, °C 
P. ~ vapor pressure at evaporating surface, mm 
— vapor pressure at condenser, mm 

“Here is the conductance of the heat path from plate to ice sur- 
face, and K 2 is the flow coefficient for vapor passage through the 
porous residue on the ice surface, out of the bottle, and through 
the vapor lines to the condenser. 



PLATE temperature 


Fig. 1. Effect of temperature of plate supporting serum bottle. 
Total pressure 95 to 100 microns. 
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Thermocouples in the bottles indicate that with the; plate 
SOX Ti is about -SOX for water ice and -lOX for the frozen 
carbonate solution. From the data of Fig. 1. K is found to be 0.028 
for water and 0.034 for carbonate. This indicates that the resist- 
ances of the thermal path arc similar for the two. The eorresiioiui- 
ing values of K., however, are 20.4 for v at(M- and 0,36 for carbon- 
ate. This difference is presumably due to the bulky penous resichu' 
in the case of the carbonate, since this residue inav be expr^eted to 
offer a considerable resistance to xapor remo\al. because' of this 
residue, the ice temperature rises from -30 to -10 C. ami the 
vapor pressure is increased from 2S5 to 1940 microns. Jhv tem[)('r- 
ature difference is reduced from 60 to 40 C and the rate' is de- 
creased roughly in this ratio. The large increase in \ apor pre'ssure' 
and the slightly reduced rate offset the added resistance to vapor 
removal presented by the porous residue on tlie e\aporatiiig sur- 
face, This explains why a large added r('sistaric(' to x'apor iv'inoval 
can have only a .small influence on the rate of drx iiig at eoustant 
total pressure.” 

Sherwood has stated that the theory he outhm'd is not com- 
plete. It cannot explain the quantitati\'e r-flect f)f [)lat(' tc'inpr'ra- 
ture unless fCi is assumed to deci'ease with 7\,, which he thinks 
hardly seems reasonable. It seems clear, howexer. that tlu' ulti- 
mate theory must be based on the concept of thermal and vapor 
flow resistances in series, with an overall driving loiee represented 
by the difference between the temperature of the heat sourer' and 
the pressure in the condenser, 

SUMMARY OF S II E R W O 0 1) ’ S FINDIXCS 

“For the drying of 10 cc of sodium penicillin solution (10,000 
O.u./cc) frozen vertically at — 70"C in the standard 25 cc, serum 
bottle and in contact with a horizontal, heated plate, a general 
summary of the results is as follows: 

‘T. The factors affecting the transfer of heat from tlie drier 
plate to the plane of vaporization detr'iinine th(' overall length of 
drying cycle. The factors affecting the flow of water vapor from th(' 
plane of vaporization to the drier cliambc'r exert a negligible effect 
upon total drying time. 
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“2. The most important factor affecting the transfer of heat is 
the resistance to heat flow offered by the insulating layer of dry 
penicillin which forms as the drying progresses. 

“3, The structure assumed by the dry penicillin is dependent 
upon the impurities associated with the penicillin and the drier 
pressure. In the general case for a given penicillin the structure 
resulting from a pressure of 10 microns requires from 3 to 4 times 
as long to dry to 1 per cent moisture as does the structure obtained 
at 200 microns. 

“4, Plate temperatures as high as 100 °C may be used without 
a detectable loss in potency. 

“5. Por any given structure, the time of drying for a iOO'^C 
plate is about 40 per cent less than for a 40'^C (104'^F) plate. This 
value is also affected somewhat by drier pressure. 

“6. The prescuce of moderate amounts of organic solvents 
does not appear to inlluence the rate of drying or the appearance 
of the product. 

“Results obtained under experimental conditions other than 
those tested above are summarized as follows: 

“7. Initial liquid volumes of 5 cc (20,000 O.u./cc) require 
about 75 per cent as much time for drying as do 10 cc. Volumes less 
than 5 cc do not result in any appreciable shortening of the drying 
cycle. 

“8. Initial liquid volumes less than 4 to 5 cc usually yield poor 
structures with some melting and foaming. 

“9. Drying times are from 10 to 25 per cent less when the 
serum bottles are surrounded by a loo.sely fitting metallic collar 
attached to the plate than when the plate alone is used. 

“10. For certain penicillins, the temperature of freezing affects 
the final structure, and thus the length of drying cycle. 

“In the course of the work over 300 samples of various material 
were dried. In order that the results of all runs might be more or 
less comparable, the general experimental procedure was main- 
tained the same wherever possible and is described below. Modifi- 
cation of this procedure will be discussed in the following sections 
of this report. 

'‘Apparatus. The evacuated drier chambers consisted es- 
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senhally of a bell jar mounted nu a horizontal stetd plat(\ DirectK' 
beneath the plate was a single-tube. Norlical condenser, cooled bv 
a bath of Dry Ice and methyl “Cellosoh-e/’ The ^•aeuum ^^as pni- 
duceci by mechanical and/or oil diffu.sion \'acunm pumps. The 
pressure in the bell jar and the pressure of the gas lea^•ing the con- 
denser were measured with a McLeod gauge'. M'atc'r vaimr was 
excluded from the gauge by a low-temp('iature trap. 

“The bottles containing the material to be drii'd wa'O' ])laeed 
upon a horizcmtal copper plate supportc'd w'itliin tlu' l)e]l jar, Thv 
temperature of the plate w^as measured liv means of a theniio- 
couple attached to the top surface, An electrical coil snspc'udt'd 
beneath the plate furni.shed the heat for tin' di\'iiig. In ordt'r that 
the pre.ssure in the bell jar might be maintaiiu'd at any desiiod 
level, a controlled air leak was introduced just Ix'fore tlu' \ aeumn 
pump. 

‘Vpemliug Procedure. In the majni'it\' of the runs. 10 ec of 
the solution to be dried were frozen in the standard 25-ee, sc'riim 
bottles, in either a Dry Ice-methvl ‘ (Tllosolvc ” or an ic('-sall bath. 
Before each run the copper plah' wans cook'd to appr()\imat('l\ 
— 30‘^C (“22°F) with Dry Tc('. The pump and condc'uscT capaeit\' 
of the system was such that the pressure' w'ithin tlu' hell jar could 
be reduced to anv desired value within 20 to 30 minut('s. As soon 
as the desired pre.ssure was attained, it was held at this k'va'I bv 
use of the controlled air leak, Hv means of \ [iriabk' resistances in 
series wath the heating coil, the tempc'raturc' of the ])lat(' w'as tlu'ii 
raised to the desired value. The rate of tempc'ratuia' incn'as<' w-as 
governed by the properties of the material bi'ing dried. In case's 
where the material exhibited a tendf'iicv to nu'It and foam caution 
w'as used in rai.sing the plate tempc'ratnrc; hnw'cvc'r. in most ca.scs 
from 20 to 30 minutes w^ere required to rc'ach the desired L'lnper- 
ature, 

“Final moisture contents wTre obtained in the standard manm'r 
over P^O.^ for 72 hours, 

“Since the major portion of experimental w'ork done f)n this 
project involved the desiccation of 10 cc of frozen sodium peni- 
cillin solution from the standard 25-cc serum bc^ttlc on a horizontal 
plate, the following discussion will necessarily be restricted to 
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these results. Many of the conclusions, however, may be extrap- 
olated to other conditions which are now being used industrially. 
If I many of these cases, such as drying from liquid volumes less 
than 10 CCS. and the ii.se of heat sources other than a flat plate, 
sufficient data were obtained to indicate the eflect of these vari- 
ables. 

“General Considerations. The various factors affecting the 
rate of drying of penicillin from the frozen state may be divided into 
two classes, those involved with the transfer of heat from its source 
to the surface of the ice where the vaporization is taking place and 
those affecting the rate of vapor flow from this surface to the con- 
denser. For any flow process there exists a general relationship that 
the rate of flow, i.e., the quantity flowing per unit of time, is directly 
proportional to the overall driving force causing the flow and in- 
versely proportional to the resistance offered by the path through 
whicli the transfer takes place. In the case of the flow of heat under 
consideration, the driving force is the overall temperature differ- 
ence between the source of heat in the drier and the point of vapor- 
ization, and the resistance is made up of .such factors as the contact 
resistance between the .source of heat and the surface of the bottle, 
the conductivity of the glass, the contact resistance between the 
glass and the solid within the bottle, and the conductivity of the 
solid from this point of contact to the plane of vaporization. The 
driving force for the flow of water vapor may he considered to be 
the difference between the pressure of the water vapor at the point 
of vaporization and the pressure of the water vapor in tlie con- 
dens(M-. Tile resistance to the flow of \^apor is a function of the 
porosity of the dry penicillin which may exist between the surface 
of the ice and the free space in the bottle, the orifice effect of the 
neck of the bottle, and the size, shape, and construction of the drier 
chamber and the connecting lines to the condenser. While the over- 
all rate of drying is actually affected by all of these factors, their 
relative effect may varv to such an extent that some may be con- 
sidered as negligible. 

“FACTOR CONTROLLim THE RATE OF DRYING. 
Before discussing the importance of each of the above factors, it is 
of interest to describe the various phases which may be observed 
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claring the drying of a penicillin sample. Since the solution expands 
somewhat on freezing, the resulting plug of ice presses quite firmly 
against the walls of the bottle, The first Naporizatiom tlu'iefore, 
takes place from the top surface of the ice. As the drying proceeds, 
the plane of vaporization recede, s not only from the top, but also in 
from the sides. Depending upon the characteristics of llu' penicillin 
sample under consideration, the resulting laver of drv matcTial may, 
in the general case, beb;ave in cither of two wavs, It mav maintain 
itself as a plug of roughly the same volume of the original iee, or at 
least the .same general shape in case .shrinkage ocenrs; or it mav 
crumble as it dries to a powder which occupies oiilv a small fraction 
of the original icc volume. In the first ca.se and during tlu' latter 
stages of drying, the plane of vaporization not oidv reecah's from 
the top and sides, but also from the bottom, so that tlu' last bit of 
icc to be removed exists as a small ball completelv snrrouiKfi'd bv a 
porous insulating layer of the dried material, bi the lattm eas(‘ llie 
residual ice is more or less visible until it is e()inp1et(‘l\’ removcal. 

'‘On the basis of these observations it is apparent that tlu' jiath 
resistance to both the flow of heat and tln^ (l()\v of vatei' \apoi' 
changes as the drying progies,ses. Wlnaa* a porous plug is lonned, 
the heat most be transferred in tlirougli this maU'riah ami the la'- 
sulting vapor must diffuse out, in either case the (lesiix'd transfm' 
of heat or vapor being retarded. The transfer of heat is lurtlu'r 
complicated where shrinkage of the plug neems bv tin* resulting 
free space between the plug and the walls of thc^ bottfiv \Vli('re dis- 
integration occurs during drying, tliese elfeets ar(' also ol eonsc- 
querice, although not to as great a degree. 

‘Tn the early stages of the experimental work, an ('llort was 
made where possible to determine the laTitix c elfoct of ('acli of the 
above factors which were considered tn havc^ any influence upon 
either the transfer of heat or the flow of watc'r vapor. T1 k‘ com])l(‘t(' 
details of this work which were carried out in tliis la})orat()ry ]ia\ (‘ 
not been pnblshed; however, the general concUisitju may Ix^ 
reached that by and large the factors affecting the transfer of heat 
control the rate of drying. In the light of the fact that this conclu- 
sion is based primarily upon data obtained from laboratory equip- 
ment, the above statement must be restricted to the flow of water 
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vapor from the point of vaporization to the drier chamber. It is 
possible that the flow resistance from the drier to the condenser 
might be of sufficient magnitude to limit the rate of drying, 

“The significance of tlie fact that the factors affecting the trans- 
fer of heat control the rate of drying (subject to the limitations 
pointed out above ) may be clarified by considering the analogy to 
the evaporation of water by boiling from an open pan. Regardless 
of the rate of heat input the temperature of the water does not 
vary to any great extent from that value corresponding to a vapor 
pressure of one atmosphere, i.e., 212 at normal barometric pres- 
sure. If the temperature of the source of heat is doubled the rate 
of heat transfer controls the rate of evaporation. If, however, the 
water is confined in a chamber open to the atmosphere through 
only a small orifice, as the rate of heat transfer is increased, the 
pressure within the chamber must increase in order to force the 
greater quantity of water vapor through the orifice. Due to this in- 
crease in pressure, the temperature of water will necessarily rise 
to a new value as fixed by the chamber pressure, If the temperature 
of the heat source is now doubled, for example, the overall temper- 
ature difference and also the rate of evaporation are not doubled; 
consequently, the flow of ^ apor from the system has influenced the 
rate of evaporation. If the orifice is small enough, its resistance to 
vapor flow can control the process completely. 

'“Experiinenial Eoidence. From thermocouples frozen in 
the ping of the frozen solutions, it was determined over a wide 
range of d]\ing condition (pressures and temperatures) that the 
surface of the \’aporization is at a temperature very nearly equal 
to that ice would have to exert a vapor pressure of water equal to 
the total pressure in the drier chamber. This represents a condition 
similar to the case of water boiling in an open pan where the water 
temperature is fixed by the pressure of the atmosphere above the 
pan. If, for example, the pressure drop across the neck of the bot- 
tle had been appreciable, the surface temperature of the ice would 
have increased because of the higher pressure within the bottle. 
Actually both by calculation and by experimental work it was de- 
termined that the pressure drop at the bottle neck is negligible. 

“In the light of the above considerations as well as other data 
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which will not be repeated Ium'c, the conclusion that the (actors 
affecting the transfer of heat control the rate of from 25-cc 

serum bottles seems well justified. 

RESULTS Ai\D DJSCf/SSiOA’. The following section 
concerns principally the results obtained on tlie tlr\ ing character- 
istics of various commercial penicillin sajtiples. 

“The experimental procedure outlined in a pr('\'ious seetion of 
this report was followed in most of the work. In eases wlu're modi- 
Hcations were used, the specific details will be discussed tngetlu'r 
with the results. Also included in this section are brief discussions 
on the use of McLeod gauges and on tln^ possihilit^’ of absoihing 
water vapor in a suitable solvent at low prcssiircs as a means of 
eliminating the refrigeration now used in tlu' prestait eondt'nsers. 

‘'Definitions of Structures, Since the structure obtained dur- 
ing drying has been found to he the factor of (lit' most iiillncnce in 
controlling the overall length of drying cvelt', the Inl lowing arbi- 
trary definitions will serve to describe each of the gent'ral forms of 
structure obtained and will he used in the subsetjuent discussion. 

“Type A. The final dried penicillin occupies neatly the original 
volume of the frozen solution. The ping as w'cll tis its eross-.st'ction 
are continuous and have a pith-like a])pcaraiiee. Whc'n shaken the 
sample breaks easily into a flufly mattn-ial restanhling (kikey snow, 
occupying about the same volume as the original solid plug. d1ie 
color of this type is always the lightest shade obtainable from any 
given sample of penicillin and lias tlie fastest rate of solution. 

“Type 13. Any intermediate form between Typci A and T\'p(; C. 
Structures approaching Typo C are charae((‘riz('d by an increasing 
amount of shrinkage in the residual plug of penicillin, togf'tlu'r 
with disintegration to a powder around the edges and at various 
points throughout the plug. The .solid ma.ss is not continuous, l)nt 
is more sponge-like in appearance. A cone of solid at the center, in 
height nearly e(]ual to that of the' original frozen solution, is ofUm 
the last to disintegrate. The ping can be broken with little dilficulty 
to a powder form which lacks the fluffy charactcnistics of that 
tained from the Type A. Colors are intermediate bet^s^en Types A 
and C. 

“Type C, The penicillin disintegrates as the drying progresses 
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and the final material exists as a course powder of about 20-50 mesh 
in the bottom of the bottle, occupying about one-twentieth of the 
volume of the original solution. In color this type is always much 
darker than either A or B for tiny pellets of fused material are usu- 
ally present. 

‘Type D. A miscellaneous classification including those struc- 
tures obtained when melting and/or foaming occur during the 
drying operation. Several forms of this type were obtained, the 
most common having the following general descriptions: (a) foam- 
like, (b) coral-like, (c) a plug resembling solid molasses, or (d) 
a combination of any of these and either Types A or B. The colors 
of this type are generally dark, and the time of solution of the dried 
material may be as long as a minute. 

‘‘Efect of Impurities, Under any given conditions of drying, 
the impurities associated with the penicillin determine the type of 
structure which will result, With any given penicillin the structure 
varies principally with the drier pressure. Type A structures requir- 
ing lower pressures than any other type. During the course of this 
work tests were made on eight commercial samples of sodium peni- 
cillin of varying purity (0,u,/mg T.S.) and the results as regards 
the interrelationship of impurities, structure, and pressure have 
been summarized in Table I. In order that the exact effect of im- 
purities on structure might be understood more fully, the drying 
characteristics of crystalline sodium penicillin were also deter- 
mined. If the behavior of the crystalline material is taken as a basis, 
the data show that the operating pressure which must be realized 
if, for example, a Type A structure is to be obtained is a function 
not only of the quantity of impurities present, but also to a minor 
extent their composition. No information was obtained as to the 
nature of the impurity (or impurities) which cause the variation in 
structure; moreover, a study of the basic recovery processes used 
by each of the eight producers indicated no correlation between the 
method of recovery and the final structure. No conclusion is justi- 
fied, therefore, except that the impurities present coritrol the struc- 
ture formation, which, as will be discussed later, controls the length 
of drying cycle. Except for Type D structures, plate temperature 
was found to have negligible influence upon structure formation. 
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Other varibles which have a minor effect upon structure !)(' 
discussed in subsequent sections. 

TABLE 1 

EFFECT OF DRIER PRESSURE UPON FINAL STRUCTURES 
FOR VARIOUS PENICILLIN (SODIUM) 

PeniciUin Pirssiire i/i Microns 

. 5 oO 100 -200 (00 

] (cryst.) 1620 A , A A A 

2 800 A A A C 

3 750 A C 

4 450 A BBC 

5 130 A G 

6 250 A 

7 170 A A 0 

8 370 B + D D 15 15 

9 250 B + 15 D 

Drying conditions: 

Volume: 5-10 cc in 25-cc serum bottle 
Freezing temp = — 70°C 

“It should be pointed out that structure fonnatiou is rc'vc'rsible, 
that is, if a Type C structure resulting from a run at 20{) microns is 
redlssolved and then dried at 5 microns, an A structure w ill Ik' ob- 
tained. The Type C structure can then be rcTornu'd b)' again redis^ 
solving and drying at 200 microns. In otlica' words, th(' appearaiicf' 
of the penicillin can be altered by the drying conditions employed: 
however, it is understood that the ])otcncy and tberajx'utii' ^'alu(“ 
of the penicillin are independent of structure, and the (act that in 
many industrial cases structures other than A are o])tained is not 
considered serious. 

‘'The cause of the melting and foaming inb('rent with l^mieillins 
No. 8 and 9 is also obscure, other than that it is due to impurities. 
The extent of this difficulty was redncr*d by tlie use of low drier 
pressures and might possibly have been (eliminated had it been 
possible to maintain plate temperatures below 0 'C; however, such 
a procedure would necessitate drying cycles greater than thirty 
hours. It is possible that as the drying progresses, a low-melting 
eutectic is formed at the interface between the dry material and the 
remaining ice-penicillin and impurity mass, although approximate 
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eutectic determinations indicate that about — 20*^0 (— 4‘^F) is the 
minimum melting point possible. Since the temperature of the ice 
interface, even at a drier pressure of 200 microns, is lower than 
-30^C, no conclusion is justified. There is also the possibility that 
one or more of the impurities may in itself have a low melting point, 
hilt because of the complex nature of the impurities, no definite 
information was obtained, 

“Melting and foaming or at least some, sacrifice in the appear- 
ance of the product can result because of too high plate tempera- 
tures over the period during which the drier pressure is being 
reduced to the operating level (i.e., evacuation). Until a pressure is 
reached at which the cooling effect of vaporization is sufficient to 
maintain the frozen state of the solution, the plate temperature 
should be maintained at a level less than the melting point of the 
solution. For mo.st penicillins, (21®F) appears to be satis- 

factory, although lower temperatures are recommended. 

“Effect of Striicfurc. The overall lengtli of drying cycle to 
obtain a residual moisture content of 1 per cent has been found to 
be essentially dependent upon the following variables and in the 
following manner: the impurities present fix the structure which 
will be obtained, the structure together with the plate temperature 
and the pressure then con trolling the rate of heat transfer to the 
ice surface and thus the rate of vaporization. The factual basis for 
these conclusions is presented in Table 2, which is a summary of 
data obtained from over 300 drying runs. Attention is called to the 
specific drying conditions used; other modifications in procediirc 
will be discussed in later sections of this report. In most cases in 
obtaining these data the drier pressure and the plate temperature 
listed were attained within thirty minutes and were then main- 
tained constant for the duration of the run. 

“Since in no case did Type B structures occur with drier pres- 
.SLires less than 50 microns, nor Tvpe (i at less than 100 microns, 
drying times for these structures at lower prcs.siircs are not avail- 
able. Moreover, it is believed that these structures will not be 
formed at pres, sure lower than those stated in each case. Drying 
times for Type D structures fell within no definite limits, although 
in most cases the times were of the order of those recpiired for Type 
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B and C structures. There were also indications that u hore consid- 
erable fusion occurred, the removal of the last traces of water was 
retarded by this type of structure. 

'r A B I. K ; 

TOTAL DRYING TIME AS A FUNCTION OF STRUCTURE 
PRESSURE, AND TEMPERATURE 


Structure 

Plate Temp. 

F/'cvvif/v’ 

in 

Micutns 


5 

20 

5(i 

100-200 

Type A 

40^C> 30 hrs. 

24 hrs. 

22 hrs. 

14-22 hrs. 


100 20 

12-15 

10-14 

12 

Type 13 

40 


lS-20 

h- i 3 


100 


10-12 

4-S 

Type C 

40 



.S-H) 


100 



4-S 

Drying conditions ; 
Volume: It) cc in 

25-cc serum bottle 




Freezing temperature: — 70°C 

Final moisture content; 1 wt, per cc-nt 
Heat source: Horizontal copper plate 





"‘Since the length ol drviiig cvcle lor prt'ssurc's luiwt'en [0(1 and 
200 microns did not correlate well witli tlie ahsolutc' pri'ssuia', Ok' 
data over this range haw been iiiclnded under niii' lieadiiig. In 
other words for a 7\’pe A slriic(un‘ and a 40 ( ' ( 104 V) plale, the 
drying time might be 22 hours at both 100 and 200 mierons, or 
again 14 hours for both pK'Ssiires. because the (Kdiiiitions ol struc- 
ture are necessarily broad and sinet' the efh'et ol stnietnia' n[i()n 
drying time is so pronounced, the wide limits ol Irom 14 to 22 hours 
are indicative of the ])recisio!^ (4' tin' data and tlu' method ol cor- 
relation. 

“Effect of Fres.sitrc. In vi(‘w ol the proionnd elleet ol pres- 
sure upon structure formation (Table' 1) ami the eoiitrolling in- 
fluence of structure upon the length of drying cycle (lahk' 2), two 
basic effects of pressure should be iiot(*d. Ba.sed upon the coiielnsion 
that the factors alfecting tlie traiisk'r of lieat, c.g,, structure, etc., 
are those contributing to the o\erall control of the rate ol drying, 
these effects of pressure will he considered in the light of their 
possible influence upon heat transmission, 

“In the case at hand, the rate of heat transft^r is proportional to 
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the overall temperature ditfererice between the plate and the sur- 
face of the ice and inversely proportional to the resistance to heat 
transfer offered by the path through which the heat must flow. As 
will be pointed out, both of these are affected by pressure. Since 
it has been noted that the surface temperature of the ice during 
drying is approximately that which icc would have to exert a vapor 
pressure of water equal to the total pressure in, the drier, the effect 
of pressure is obvious, For a constant plate temperature, therefore, 
the overall temperature difference increases as the pressure de- 
creases. Although this would imply tliat the rate of heat transfer 
should increase as the pressure is lowered, the effect of pressure 
upon the path resistance is an opposite one, and apparently is of 
greater magnitude. The fact that the drying time for a Type A 
structure is much greater than for Type C indicates that for a 
Type A structure the insulating layer of dry penicillin which sur- 
rounds the residual ice as the drying progresses offers considerable 
resi.stancc to the flow of heat. It is known that the resistance to 
lieat transfer of a porous material increases as the apparent density 
decreases, heat being transferred by radiation and gas convection 
as well as by conduction throiigli the solid itself. Since Type A 
structures have very low apparent densities, the amount of heat 
transferred by direct conduction is probably small. The heat trans- 
ferred by convection would vary with the pressure, i.e., in a perfect 
vacuum the heat transferred by gas conduction would be zero, and 
for a given structure and overall temperature difference, the radiant 
heat transfer would be constant. Although the lelative magnitude 
of each type of beat transmission is not known, it appears that gas 
convection through the pores of the dry penicillin is important and 
to some extent is a function of pressure. The net effect of pressure 
for a given structure and plate temperature is indicated in Table 2. 

Constant vs. Variable Fres.nire. Most of the data already 
presented were obtained from runs where the drier pressure was 
maintained at a constant level for the entire cycle by means of a 
controlled air leak on the low pressure side of the \'acuum pumps. 
The possibility presented itself, however, that for certain peni- 
cillins it would be of advantage to start the drying cycle at a low 
pressure to prevent melting and if possible to form a Type A struc- 
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ture and to raise tlie pressure to oxer 2,000 inicvoiis at tlu* (aid to 
obtain the higher rates of drying. Such a procedurt- was tried for 
several penicillins, and it was found that the length of the drying 
cycle might be reduced as much as 20 per cent; hoxxi'Vi'r, the 
delicate control necessary indicates that the' idem max' not he ap- 
plicable to industrial driers. It xvas found that the pressure should 
not be raised until the net moisture content of the sample is such 
that no melting and foaming will occur, Since all tlu^ bottles in a 
full-scale drier apparently do not dry at the same rate, no simple 
means of determining the safe point to raise the pressure is ex i dent 
other than trial-aiul-error. Pressures as high as 400 to 500 microns 
could probably be used xvithout the datigc'r of melting; ]ioxx’('x(m-, 
the advantages gained is less tlian for pressun's as high as 2,000 
microns, and the problem of determining the proper point in the 
cycle to increase the pressure is still present. 

“Ill this regard the question arises as lo the pressure lu'ee.ssarx' 
to remove the last traces of xvatcr (to less than 1 pm- c('iit). 
Within the scope of this xvork, no case xvas found xvherc' pressure's 
less than 200 mierons xvere requirc'd. In mu' instance' three out of 
four Type A samples were dried to a negligible xvater eonti'iil in 1 1 
hours with a plate temperature of 10 (il (104 F) ;ind a drie'r pn-s- 
sure for the last three hours of tlu^ cycle of 2200 microns. 

“The control of pressure in the industrial drii'ts has in ino.st 
cases been limited to the regulation of plate temperatures, xvhieh 
at the end of a cycle has little effect. Whctlicr or not a controlh'd 
air leak to the vacuum pumps xxemld be tcasil)le is not knoxvn; 
however, in some eases the use of high pressures, es[)ecially at the' 
end of a cvcle, mav be of adx’antagc, and some' nu'aiis of pressmx' 
K’gulation should be developed. 

“As regards the maintenance of low pressures, xv4iere the eon* 
denser and/or the x'acuum pump capacity arc adeepiatc, no diffi- 
culty is encountered other than air leakage. Whe're; the vacuum 
capacity is limited, and in the al)sence of leaks, e'ithe'r reduced 
loads to the drier or low plate temperatures ar(i lU'cessary to main- 
tain the desired low pressure. 

"E-gect of Temperature, L On Potency. It has been con- 
cluded that plate temperatures as high as 100 C (212^F) could 
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be used without a detectable loss in potency. Additional data have 
been obtained which also bear out this conclusion, even in cases 
where melting and foaming occur. The data in Table 3 are for a 
penicillin which gave Type D structures under the conditions used, 
considerable foaming having occurred during the drying. From 
these it is further concluded that plate temperatures approaching 
too 'C give no loss in potency within the accuracy of the assay, re- 
gardless of the type of structure which is formed. 

T A H L K ^ 

Fotencif 

Run No. Flute Temp. Before T)ryin<y 

1 lOO^C 366 

2 ISOT 366 

Drier Pressure — 200 microns 
Sample Volume — 5 cc 
Time of Drying — 20 hrs. 

Final Moistui'c— negligible; 

'X)n Rate of Dnfino. Based upon the previous conclu- 
sions that the rate of heat transfer controls the length of drying 
cycle, for any given structure, i.e., for a constant resistance to heat 
transfer, the length of drying cycle should bo inversely propor- 
tional to the overall temperature diffei'encc between the plate and 
the surface of vaporization. By making such an analysis {jf the data 
in Table 2, this assumption was found to be true within the pre- 
ci.sion of the data. The equation presented in earlier reports ( Nos. 
4, 5, and 6) has proved adequate for predicting overall drying 
timc.s for 10 cc of solution and Type A .structures; however, it i.s 
not applicable to any other conditions. Similar equations could be 
devxdoped for each set of conditions and structures, but it is felt 
that Table 2 will better indicate the effect of structure, pressure, 
and plate temperature upon the length of drying cycle. 

^‘Effect of Freezing Temperature. This variable has been 
subjected to extensive experimental inve.stigatioii but will not be 
di.sciissed here. Tlie general conclusion, liowever, is that for certain 
penicillins the rate and temperature of freezing can effect the final 
structure of the penicillin and, therefore, the rate of drying. Of the 


O.a./rng.l .S. 
After Drying 

350 

105 
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variolus samples tested, onW Penicillin \o. 2 (Table 1 ) was allVctcd 
by freezing temperature; however, this \’ariabl(‘ max' beeuine of 
more interest as the purity of other products is iiuprox ed. 

"Effect of Concentration of Imtial Solution. I On S/rnr- 
tuve. In tests on several penicillins it was found that initial con- 
centrations higher than 40,000 O.u./ce in general gaxa' pot)r struc- 
tures, usually a veiy hard cake. At xerv high (’onceiitrations 
(80,000-100,000 0,u./cc) Type structures were usnallv ob- 
tained, regardless of the structure resulting from lowt-r concentra- 
tion for the same penicillin under similar drying comlilious. As 
would be expected, the color of the final product lu'nuue.s dark('r 
as the initial concentration increases. 

"On Hate of Dnjhio. It has been found that the length 
of drying cycle is almost independeut of the amount of solution 
charged to the bottle. Five ccs. of solution weia' lound to rc'(|uire 
about 75 per cent of the time of drying of 10 cc‘s, and au\- xolnnie 
less than 5 cc resulted in no shortening of tlu' eycl(\ Diving limes 
for volumes of 5 cc and less are presented in 4 ahh' 4. 41 le fact that 




TAni.K 4 



Peni- 




Time of 

Pinal 

cillin No. 


Pressure 

Plate Tejuj). 

Dnfni^ 

.Moist ufi’ 

(Table 1) 

O.u./cc 

(microns) 

(t:) 

(hrs) 

(91) 

4 

100,000 

45 

40 

10 

0.8 


33,000 


“ 

“ 

0.1 


20,000 




0.1 

8 

100,000 

6 


20 

O.B 


50,000 




1,0 


33,000 


“ 


O.B 


20,000 



\ 1 

0.4 


1 cc appears to dry no more rapidly than 5 cc may Ih' due in part 
to the one-fifth reduction of contact area Ix'txxa’en the ice ping and 
the wall of the bottle. There are also indications that the removal 
of the last traces of water from a 4'ype D structure as is ohtaim'd 
from 1 cc initial volume is not as simple as in the cases wIutc no 
melting occurs. 

"Effect of Residual Organic Solvents. As has already berm 
indicated the length of drying cycle is mainly dependent upon thi' 
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type of structure which forms during drying; therefore, any modi- 
fications in bottle design will have little effect on the overall cycle. 
It has been noted that the rate of vaporization in the early stages of 
drying was influenced somewhat by bottle design; however, the 
overall time of drying is influenced little. With thin-walled con- 
tainers, such as the standard ampoule, the initial rate of heat 
transfer was found to be so great that mcltir.g occurred at the 
bottom of the plug; consequently, plate temperatures as high as 
JOO^C could not be used until an insulating plug of dry penicillin 
had formed around the residual plug of ice. 

‘y.ffect of Plate Design. A few runs were made with the 
bottle surrounded by a loosely fitting copper sleeve soldered to 
the plate. In such cases the time required to dry to 1 per cent 
moisture was from 10 to 25 per cent less than for cases without the 
sleeve. 

"'E-ffect of Temperature on Pressure Readings. According 
to the work of Kniidsen * at low pressure a temperature difference 
between the two ends of a small-diameter tube will cause a pres- 
sure gradient across the tube, even in the absence of flow, the 
higher pressure being at the high-temperature end of the tube. The 
magnitude of this pressure difference is a function of tube diame- 
ter, the temperature difference, and the absolute pressure, and 
with small diameter tubes at pressures encountered in this work 
the pressure gradient tlirougli the tube can be appreciable. In 
other words, it is necessary in measuring a true pressure that the 
temperature of the McLeod gauge be equal to that of the gas be- 
ing measured. For example, if the McLeod gauge at room tempera- 
ture is connected to the refrigerated condenser through a small 
tube, the gauge will indicate a pressure higher than the true pres- 
sure in the condenser. In many of the industrial installations 
utilizing low-tempcrature condensers it has been noted that the 
condenser pressure as measured is higher than the drier pressure. 
It would thus appear that the error in pressure measurement is 
greater tlian the pressure drop between the two points of pressure 
measurement, since it is to be expected that the drier pressure 
should be the higher.” 


Ann. Physik, 31, 205 (1910). 
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Data Tables 


-ISO 

-140 

-1^0 

-iza 


32 



T A 13 L ]•; 


PRESSURE EQUIVALENTS HG 


I'nil 

in. 

ift nt 


1 ill. (inch) 

1 


ivioo 

1 mill (millimeter) 


1 

moo 

1 M (micron) 

8.0 X 10 ■' 

10 •* 

1 
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Embedding with Acrylic Plastic 

Preservation of soft tissues in gross anatomy^ and pathology has 
normally pioscntcd a problem. Tlie customary procedure has been 
to fix organs or slices of organs in various fluids, such as one con- 
taining formalin, with the addition of other materials to reduce 
loss ol color and shrinkage to a minimum. These specimens are 
kept in the well-known covered round or square glass jars of 
laboratories of anatomy and pathology. However, the preservation 
of tissue color is not good and becomes worse upon storage. Morc- 
o\'er, the preserved specimen does not represent the original in 
.si/e and shape because of shrinkage. 

A recent departure (Max M. Strumia and J. Ivan Hershey, 
/. Lah. {uid CJhi. A/eJ., 55. 1311-1321, 1948) in place of the cus- 
tomary procedure mentioned above makes use of freeze-drying 
followed by impregnation with “Plexiglas.” This work was carried 
on at Bryn Mawr Hospital, Bryn Mawr, Pennsylvania, with the 
co-operation of Rohm & Haas Compaiiv. The proces.s permits the 
preservation of the color and form of specimens of both human 
and animal origin, including organs either whole or in section. 
Excellent results ha\'e been reportcal {loc. cit,) with tumors, entire 
adult hearts, lungs and brains. Upon illumination, transparent 
blocks of “Plexiglas” containing organs or portions of organs pre- 
sent a lih'-like aspect. The specimens can be handled readily 
without danger of breakage, which contrasts with the customary 
formalin prcseiA ation in fragile jars. 

The following is a decription of tlie steps to be taken. 

FREEZINC OF T IT F SPECIMEN 

Preliminary to freezing, the fresh specimen should be trimmed 
and all excees fat remo\ed. Two different techniques arc used 
(or freezing depending on the size of the specimen. For small 
organs or slices of iissucs of any size and up to about 1 to 1/2 cm 
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thick use the following procedure; rrepar(^ a hasc> of icv 1 )n iVee/- 
ing in a metal pan of suitable siz(‘ and shapes a burr of N\’atcT 
about 1 cm deep. Place tlie specimen, thoroiigliK' wet on the 
base of ice and freeze by placing in a low-teinperatnre cabinet 
(—20 to -25 C), Instantaneous frecviiig does not improve tlu- 
specimen and .slow freezing should also b(' axoided. When the 
specimen is frozen, add ice-water to form a lax'cr about I em 
thick, and freeze siiccnssixe layers of xxah'r, until the s[na'imen is 
completely covered witli about 1 em of ice. 

For larger specimens, such as Immaii heart, the [irneeduia' is as 
follows; Prepare tlu' base of ice as outlined abov e. Phur tlu' W('t 
organ on the ice and allow it to fre{v.(\ Wlam tla^ spevimen is 
thoroughly frozen and fixed to the Ixise, spra\' it with w.ifcr .sc'x c'ral 
times, using an atomizer, to thoroiighh' glaze it with a thin iaver of 
ice. A layer of one or two millimeters in thickness is enough to 
protect the surface of the organ from drviiig and suhs('(jn(mt loss 
of color or shrinkage. The specimen is tlum eomph'ti'b <'mh<‘dd('d 
in ice by freezing successive' oiic-cm lavc'rs of cold water, (.'are- 
fully avoid pouring the wat('r on tlu' organ itself, in onh-r not to 
melt the glaze of ice. 

Before placing the block of ice in tiu' drviiig apparatus elu’j) 
off as much excess ice as possible' to rednee' the- pe'riod of di ving. 
This operation is not ('sse'iitial (‘\ce[T as a lime savi'f. Tin* ici' 
blocks must be thoroughlv cbillee! to - 20 (! or K'ss before tlu'v 
are h’ansferred to the drving ajrparatiis. 

FREEZE-DR YIXC OF SRKCiMENS 

Any apparatus designed for the' elrviiig of hiologicals from the 
frozen state and of proper capacity can he' nse'd lor this purpose. 
It must be capable of maiiitainiiig a temperature' of —12 to 
— 15" C in the specimen itself while the' wate'r is he'iug remov ed bv^ 
subliinatiem, chaml)er type of apparatus is pre'fe'rable' Ix'cause' 
drving on manifolds presents a problem where tlie containers must 
have openings large (moiigh to accommodate large' specim(*ns. 
When drying with heat, high final temperature should he avoided 
becairso of fat in the .specime'us ami a maximum of about 37' (i 
is advisable. 
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It is desirable to place the blocks of ice containing the speci- 
mens to be dried in a loosely tied bag made of a single layer of 
gauze (12 mesh). The wrapped specimens are placed in wire 
baskets or on mesh wire supports and so arranged as to allow a 
free flow of the water vapor. 

For medium-sized specimens (approximately 5 to 7 cm in 
thickness but of any width fitting the drying chamber) and with 
tin; apparatus mcntionc'd, 5 to 7 days are sufficient for complete 
drying. Veiy large organs, such as an entire brain, require 15 days 
for complete drying. 

This method, when properly carried out, causes no distortion of 
the specimen as a result of drying except in cases where air may be 
trapped such as in the gastro-intcstinal tract of a fetus or entire 
animal. In .such specimens some contraction has been observed. 

TRIMMING AND PRKSKRVATION OF DRIED 

SPECIMEN 

Once the specimen is dried, it should be carefully maintained 
by placing in a glass desiccator containing a suitable dehydrating 
agent such as ‘‘Drierite.' Bel ore embedding, specimens may be 
kept in the dried state for several weeks or even months without 
deterioration. For best results, howe\^er, the dried specimen should 
be embedded as soon as convenient. With a \^ery sharp knife, the 
specimen can now be trimmed, to remove all loose portions and to 
improve the specimen. It has been noted that retrirnmiiig of a 
specimen after dryijig, to obtain a \nry smooth surface, allows a 
much better view of the intimate structure of the organ. Excessive 
fat can be readily removed at this time, avoiding damage to the 
specimen. With a brush, very caiefiilly remove dust from the 
surface of tlu; ort^aii, 

SATURATION WITH THE LK^UID ACRYLIC 

M O N 0 M E K 

The dried specimens will appear to have lost their color and 
texture, but these are immediately restored upon immersion into 
the liquid monomer at room temperature. It is most essential to 
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obtain a very tliorough saturation of the speeinu-u w ith the licpiid 
acrylic monomer, which must entirely replace all spaces previ- 
ously occupied by water. This is acaimplishecl l)^’ placing tlu> 
specimen in a jar containing sufficient acrylic monomer to covt>r it 
completely. Preparation of this reagent is discussed Ih'Iow’. T1u‘ 
jar is then put in a vacuum desiccator and the s apor is alternatcK 
pumped out and air let in until the sample sinks in the monomer 
and no more bubbles issue from it. At this stage the s[n‘cimen is 
ready foi embedding in thickened monomer. Sometimes it is 
desirable to prolong the immersion in tin' mononuT for the pur- 
pose of removing excessive amounts of pigment, a proet'dure 
which should be applied to such organs as a li\ er. Witli sp('eim('ns 
of liver or organs containing other dilFusable pignu'nts or fat. 
the liquid monomer should be changed a inimher of time's during 
the process of saturation. 

P R E L I M I N A n Y VOL Y M E lU Z A I 1 () \ () V T 1 1 I-: 

MONOMER 

Reagent^-. 

(1) Inhibited ethyl methacnjialc monomer. Etlni melliaervi- 
ate monomer is supplied hv the Rohm & Haas (iompain-, Phila- 
delphia 5, Peniia., with inhibitor added to pn'\-ent spejiitaiK'ons 
polymerization. For embedding w'ork the* moiunner should In- 
distilled to separate it from the inlhl)itoi. Although separation h\ 
distillation is preferred, it has also been accomplished hv a wash 
with a concentrated caustic solution. Add 2 yvv end hv weight of 
50 per cent sodium hydroxide (or 1 [X'r c(*nt hv wc'iglit of water 
and 1 per cent by weight of flake sodium liydroxid(') to the in- 
hibited ethyl methacrylate monomer. Shake the coiitaiin'r vigor- 
ously (or stir so that the sodium hydroxide is constantly broken 
up) for at least ten minutes. At the end of this period, the scxlium 
hydroxide will have become discolored. Allow' small particles in 
the monomer to settle and siphon or decant tlie monomer out of 
the container, filtering it through a coarse filtc'r paper. 

(2) Benzoyl peroxide (a catalyst), The benzoyl peroxide 
catalyst is a 1:1 mixture of benzoyl peroxide with stabilizer, avail- 
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able from Cadet Chemical Corp., Buffalo 5, N. Y. or Taicidol 
Division, Novaclel-Agene Corp., Buffalo 5, N. Y. 

(8) Stearic acid (a mold lubricant). 

Equipment: 

( 1 ) 1 ,000 cc Florence or Erlenmeyer flask. 

(2) Hot plate with insulated or closed switches. 

(3) Water or steam bath. ' 

(4) Chemical hood with explosion-proof motor and switch. 

Procedure: 

The ^'apors of ethyl methacrvlate are highly inflammable and 
must be kept from all open flames. Further, all switches, motors 
and other electrical equipment in the room must he of the ex- 
plosion-proof Wpe. 

In those cases where the shape ol the mold or some otfier con- 
sideration hxids the operator to suspect that he may encounter 
difficulty in removing the finished casting from the mold, the 
addition of about 1 piu' c(mt stearic acid lias been found to offer 
some ad\'antage. It does not guarantee ready separation of the 
mold but at least it helps. 

For a preparation on an approximate! v ()ne-c[iiart scale, pro- 
ceed as follows: Dissolve 7 grams of stearic acid (omit in those 
eases where no mold rcmo\ al problcju is expected ) and 100 milli- 
grams of lienzovl peroxide catalyst in 500 cc of inhibitor-free 
monomer by shaking. 

Filter the resulting solution. Place the solution in a 1000-cc 
flask and heat on a hot water or steam bath. Do not heat over an 
open fla))ie! Bring the mixtiu'e to a boil, shaking frecjuentlv, and 
continue boiling for 2 to 3 minutes. Remove the flask from the 
bath, 'rhe reaction is highlv exothermic and the mixture will con- 
tinue to boil after remo\'al from the heat source. Allow the mixture 
to boil spontaneouslv for 2 to 3 minutes; then cool under running 
water, swirling slowlv, until boiling stops. 

The process should be obserxed continually, since the reaction, 
unless checked, proceeds spontaneously to complete hardening of 
the mass. Continue cooling for approximately 10 minutes. The 
consistency at room temperature should be that of heavy molasses. 



Store the mixture iu a refri'^erator at approximatelv 10 1* until 
ready for use. 

EMBEDDING OF SPECIMENS IN P ! Mv X 1 ( ; 1 . A S 

It is desirable to use glass eontaiuers for tlu' final ('iiilxaldiiig. 
Metallic containers lia\-e not pro\(’n as satisfactor\ . Ordinarv 
square “icebox” dishes or baking disln^s as wvW as glass photi)- 
graphic trays have proven \ (M'v satisfaetorw It is desirablt' to ])ri'- 
pare the receptacles by making a solid aeivlie plastic bast' on 
which to rest the specimen. This hard base is made b\' pouring 
a layer of about 2 cm ol the partiallv pob'iin'i'i/ed inononu'r into 
a clean dish of suitable size and depth. I’or this purpose a \ erv 
thick medium can be used, Co\er tlu' dish with t^^■n or threi' 
layers of tightly fitted cellophane and allow to stand in the 
refrigerator until the laver is ahsoliitt'K' lr(‘(‘ of air bnhl)!(‘S. Thtai 
harden the thickened monomer bv heating at 15 (i. The hast' is 
now ready to receive the speeimi'ii. 

Two slightly different teehnitpies are ii.stal for eiiibeddiiig, de- 
pending on the general tvpe of spt'einu'ii. Procedure' A is recom- 
mended for samples up to 2 ein tliiek. such as slices ol \ai'ions 
organs, flattened specimens of intestim's, gall bladder, or liaUt'd 
kidnevs, tumors, etc. Procedure' H is siigge'sti'il for large inegidar 
organs, .such as the lu'art,' lungs, utcTUs. brain, whoh' !i\('r, cte'. 

P}' 0 ccdurc A — for smaller .spcciinciis. 

Pour a snrall amount of the liepiiel nu)iiomcr o\cr the' pre'- 
formed hard lia.sc and thoroughly we't tlu' base anel the sielrs ol tiu' 
dish. Pour the liepiid off and drain ra])idly. Pour o\ e-r the hard base 
a layer of the thickened jnoiioine'r calculated to he just ('iioiigh 
to cover the spe'cimen, If bubldcs lia\e' (orme'd, c'oxc'i’ with cello- 
phane and place in the icebox until they ha\ e' all disappesirt'd. Do 
not allow the poured, thickened medium to stand for any ^le'riotl 
of time without a cover, particulai ly at room tc'inpe'ratiire or in the' 
oven, because a tough film forms which renders snl)s<'(}u('iit opera- 
tions difficult. When the medium is free of air bubbles, re'inove' the 
specimen from the monome'i'ic medium and place it edge-wise in 
the thickened medium until it l ests on the firm base. Allow it then 
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to be immersed in the thickened medium by lowering it very 
gradually in such a manner as to avoid trapping of air bubbles. 
It may be necessary at this time to add some of the thickened 
medium to completely cover the specimen, but under no circum- 
stances should the layer be thicker than 3 cm. Cover the dish with 
cellophane and if air bubbles have been formed, replace in the 
refrigerator until clear. Then set in the oven «at 45° C for poly- 
merization. As previously stated, polymerization of ethyl meth- 
acrylate occurs with considerable production of heat. If the layer 
is too thick, heat dissipates too slowly and gas forms from boiling 
monomer. The gas is trapped in the form of bubbles which spoil 
the block. It is convenient, when handling large specimens, to have 
an oven provided with an exhaust fan which operates automatically 
whenever the temperature of a specimen rises above 46° C. The 
thermometer regulating the relay for the fan control should be of 
the mercury type, and should be placed in direct contact with the 
specimen being embedded. The oven in which the specimens are 
polymerized should have non-sparking contacts and no open 
.switches. Mercury-type contacts are satisfactory. A block 3 cm 
thick will harden in approximately one week at 45° C. Successive 
layers of 1-2 cm in thickness may be added to obtain a suitable 
block. 

Procedure B — for large irregular organs. 

Begin the operation by preparing a suitable base as in Pro- 
cedure A. Wet the base and sides of the container with monomer 
as before. Pour a thin layer of thickened monomer over the organ 
which has been removed from the liquid monomer. The container 
with the specimen is then very carefully sealed, using many layers 
of cellophane or similar material. It is placed in the icebox so 
that it is thoroughly freed of bubbles and then in the oven at 45° C 
until the layer hardens. This process is repeated until the organ is 
covered with a 1/2-cm layer. Great care must be exercised to cover 
the whole organ and to avoid trapping of air bubbles, When the 
organ is thus glazed and fixed to the base, proceed carefully to 
embed it by adding successive layers of thickened monomer not 
exceeding 1/2 cm in depth, in order not to soften the glaze on the 
organ excessively. Whereas the embedding of large slices of organ 
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offers no difficulty, the embedding of the entire Inrge ort^ans 
challenges the skill and ingenuity of the operator. The ivsults. 
however, are well worth the effort. 

FINISHING OF THE SPECIMEN 

When the specimen is completely solidified, the edges of the 
plastic are detached from the glass with a sharp knife. ()n cooling, 
the blocks easily detach themselves from the walls and it will 
easily fall off with gentle tapping, Th(' fini.shing of tlx' block is 
carried out as follow.s; 

The solid block which closelv res{‘mh!cs “Plexiglas” is first 
rough cut to the approximate siz(“ and shap(‘ of the final hloek de- 
sired with an ordinary band, circular or jigsaw. If a latlu' is a\ ail- 
able it is well to turn the faces of the block down suwv this will 
insure an absolutely Hat surface, Since “Phwiglas” has maehiniiig 
quaJities similar to tiio.ve of hmss mnl c‘oi)p(‘r nxjm would u.sv metal 
cutting tools of this type, A cxjolaiit (water, or soap and wal(‘r) 
may be used, if de.sired. If no lathe is available the hloek inav he 
faced to a smooth (not accurately Hat) .surfac(‘ hv fa.sUaiing emerv 
paper to a block of wood and hand .sanding with a circular motion. 
It is advisable to start the sanding with a eoar.se-grade emerv paper 
and finish with a fine grade. If a saiider is available the work ituw 
be accomplished much more quickly but reineinher that tlu' final 
sanding should be a wet one, which will give a .soft satin finish 
that can be easily buffed. Best buffing ix'snlts are ol^taiiaal with a 
very soft open type of buffing wheel using an abrasive which is a 
combination of fine alumina with wax or grease hinder, and a 
polishing tallowx The block when finished should hava* a high 
luster and be free from color and as transparent as the finest 
optical glass. 

More detailed information concerning the handling of “Plexi- 
glas” is obtainable from the manufacturer. Rohm & Haas Com- 
pany, Philadelphia 5, Pa. 
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